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Fibre steering is a novel concept in composites engineering, which promotes the use of 
curvilinear fibre paths. It can significantly expand the design and manufacturing space for 
composite materials, by enabling optimised designs and shapes that are not possible with 
conventional straight fibre designs. The automated material placement process is the most 
advanced manufacturing technology that enables fibre steering. Nonetheless, the steering 
capabilities of modern placement machines are limited, as they bend the tapes to steer the fibre 
paths, causing significant defects, such as fibre buckling and gaps and overlaps. 
To address this manufacturing issue, a novel fibre steering concept, named Continuous 
Tow Shearing (CTS), was developed at the University of Bristol. The CTS can align fibres 
along a curved path without causing fibre buckling, by shearing continuously-fed tapes. Unlike 
conventional placement machines, as CTS relies on shear deformation, there is no coupling 
between the material width and the minimum steering radius that can be achieved. The aim of 
this research was to exploit this feature and develop a wide tape placement system that can 
produce high quality fibre steered laminates. Furthermore, the original concept of CTS, where 
only dry carbon tapes were used, was expanded for use with both unidirectional dry fabric and 
prepreg tapes.  
In this research, a wide tape CTS prototype was developed and the effect of process 
and material parameters on the steering quality, while using dry and prepreg tapes was 
assessed. In the case of dry unidirectional fabric tapes, the steering quality was primarily 
affected by material parameters, such as the weft yarn pattern, rather than process conditions. 
On the other hand, during steering of unidirectional prepreg tapes, the quality was significantly 
affected by both material parameters, such as the viscoelastic properties of the resin system, as 
well as process parameters such as layup temperature and tape tension.  
The wide tape CTS prototype achieved a minimum steering radius as low as 50 mm 
while using 100 mm wide prepreg and dry fabric tapes. This steering radius is several orders 
of magnitude smaller compared to that of the current state-of-the-art commercial placement 
machines. The CTS is the world’s first technology that enables fibre steering with wide tapes 
and can thus be employed in niche application fields in which the current material placement 
machines cannot operate.  
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Advancements in material science have enabled the aerospace industry to leap forward 
and in the never-ending quest for lighter, stronger and stiffer materials, composites are leading 
the race. Traditionally composites are considered as materials with excellent mechanical 
properties, but very high cost. The primary reason that the aerospace industry has always been 
at the forefront of the development and use of composite materials is that it could afford the 
extra cost in favour of the improved performance [1]. However, recent industry drives demand 
that this approach needs to change, if further progress is to be made. 
Performance and fuel efficiency of aircraft is crucial for the airlines, as fuel expenditure 
can reach over 30% of their total operating cost and fluctuates greatly depending on the oil 
price [2]. To reduce the overall weight of the structure and the fuel consumption of modern 
aircraft, manufacturers have relied on replacing metallic parts of aircraft with composites [3], 
(Figure 1a). Nonetheless, they have now reached the limit of composites usage in modern 
aircraft, where more than 50% percent of medium size passenger aircraft, like the A350 
(Airbus, EU) and the 787 (Boeing, US) are made out of composites [3], [4], (Figure 1b). Such 
an extensive usage of composites is one of the main reasons that the A350 has achieved a 25% 





Furthermore, the aeronautics industry is growing rapidly, as the current market 




meaning that the demand for composites is constantly increasing. These two factors; reaching 
the limit of composites usage and increased numbers of aircraft, mean that the industry will 
face two distinct challenges in the near future. 
Firstly, to further reduce the fuel consumption of aircraft, it will have to find ways to 
improve the structural efficiency of composite structures and secondly to meet the increased 





A reduction of the production cost, while increasing the productivity and maintaining a 
high level of quality is something extremely challenging but necessary to maintain and expand 
the usage of composites within the aeronautics industry.  
Cost in composites production can be attributed into two main areas: a) raw materials 
(matrix and fibres) and b) manufacturing processes (equipment, labour, energy consumption 
etc). There are other factors which come into play, such as the cost of non-destructive testing, 
or post-processing operations such as machining, but these vary greatly and will not be 
addressed.  
It is not as straightforward to define quality in composites production. Potter [7], gives 
two distinct definitions on quality: a) “some measure of perfection” and b) “a formal system to 
ensure that the parts have been made in an acceptable manner and adequately documented”. 
Although the term perfection is ambiguous in its own sense, it can be said that a perfect 
laminate is one which has no defects (e.g. voids, fibre misalignments) and achieves the 
theoretical limit of mechanical properties related to its constituents (matrix and fibre system). 
The second definition given by Potter refers to quality as the ability to repeatedly achieve the 
expected result from the manufacturing process of a component. This can be directly related to 
the ability to measure and control the critical process and material parameters (e.g. curing 
pressure and void level in uncured prepreg).  
In most cases, the quality of a composites manufacturing method improves as the 
number and duration of the manufacturing steps increases, while the exact opposite is true for 
the cost and the production rate [8]. Nonetheless by automating steps of the manufacturing 
process the cost can be significantly reduced, while maintain or even improving the quality of 
the produced parts. More importantly, automation can ‘raise manufacturing from a cost that 
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needs to be reduced, to a strategic lever that can open up new possibilities’ [9]. Making a step 
towards and defining these ‘new possibilities’ for composites manufacturing is the key theme 
of this thesis. 
All composites production methods share several manufacturing steps; the fibers are 
placed on the surface of a mould; the resin impregnates the fibers and heat along with pressure 
are provided for the resin to cure [8]. For decades the benchmark and the ‘everyday workhorse’ 
for the aerospace industry has been the use of B-staged preimpregnated layers of fibres 
(prepreg) combined with the autoclave curing process [10]. This process is oriented towards 
quality, while the cost is high, primarily due to the high cost of the raw materials (prepreg). 
Furthermore, the need for several manual steps (Figure 2 – manual lay-up) means that the 
production rate is low and the reproducibility of the parts relies heavily on the experience and 
skill of the technician.   
To address these productivity problems, the aerospace industry turned to automation, 
by pioneering the use of automated material placement machines. These can replace the ‘ply 
collation’ process, a term which refers to the process of cutting and lay-up of prepreg fabrics 
(Figure 2) [11]. The two prevailing technologies are Automated Tape Laying (ATL), (Figure 
3a) and Automated Fibre Placement (AFP), (Figure 3b). The operating principle of ATL and 
AFP is the same; prepreg tapes are laid up on the surface of a mould using a material deposition 
head, with their main difference found in material format. ATL employs wide prepreg tapes 
with widths ranging from 75 mm to 300 mm, while AFP uses narrow tapes with widths ranging 
from 3.2 mm to 12.7 mm. ATL was developed first and as the technology matured it became 
the norm in the aerospace industry for relatively large components with low curvature, such as 
the wing skins of an aircraft. On the other hand, one of the main drives behind the introduction 
of AFP was the need to lay-up onto complex, highly curved moulds, which required tape 







The automated material placement machines allowed for significantly faster production 
rates. Hagnell et al [12] estimated that AFP can reach layup rates in the range of 2-150 kg/h, 
while ATL in the range of 10-150 kg/h. It needs to be emphasised that the layup rate will vary 
significantly depending on the part size and complexity, as well as the capabilities (eg. tape 
width, machine acceleration) of the respective material placement machine. This study 
demonstrates the potential of this technology, compared to manual lay-up which reaches layup 
rates in the range of 1 kg/h [13]. The advantages also extent to the area of reproducibility, as it 
is ensured that not only the same tape trajectories and thus the same fibre orientations are 
repeated for every component, but also that the critical processing conditions during the lay-
up, such as temperature and pressure, can be controlled and monitored.  This has a direct impact 


























Although AFP and ATL have clear advantages, the material cost remains very high. As 
there is a strong drive to reduce costs, the industry has looked to alternative curing and 
impregnation strategies, which could reduce the cost. Witik et al. [14] performed a study to 
determine the potential cost savings for out-of-autoclave prepregs and dry fabrics, where it was 
shown that dry fabric lay-up combined with a resin transfer process offers an attractive 
alternative. This is one of the reasons that the range of AFP and ATL machines has been 
expanded for use with dry unidirectional tapes. One of the first commercial applications of this 
technology was the production of the wing and wingbox structures of the Irkut (Moscow, RU) 











Addressing the industry’s drive demanding an improvement in the structural efficiency 
of aircraft structures is much more challenging. The current industry focus in this area is on the 
improvement of the design and certification processes, which are currently costly and often 
lead to overdesigned components [16]. Although this approach can certainly yield significant 
benefits, it does not improve the structural efficiency of composites directly. To accomplish 
this, it is necessary to fundamentally change the way we design and manufacture using 
composite materials. 
Composites exhibit a strong anisotropy, as their material properties vary greatly in each 
direction. In a unidirectional composite layer, the direction of the fibres exhibits the greatest 
strength and stiffness, while the exact opposite is true for the direction perpendicular to the 
fibres which is dominated by the matrix properties. To provide sufficient strength in all the 
critical directions the predominant paradigm in composites design and manufacture is to create 
laminates by stacking layers of straight fibres at different orientations.  
Recently, a composites design approach, which optimally distributes the structural 
loads through curvilinear fibre paths (fibre steering) and can improve the structural efficiency 
of modern aircraft, is gaining attention thanks to advances in automated fibre placement 
technologies. Fibre steering was born from the idea that the anisotropy of composites can be a 
powerful tool for structural optimisation and would allow to fully exploit their potential and 
ultimately escape the straight fibre paradigm. For example, a composite wing skin with 
optimally steered fibre paths could distribute the load directly onto the wing stiffeners and thus 
achieve a significant weight reduction, while maintaining the same stiffness and strength [17] 
(Figure 5a). Overall, fibre steering can significantly expand the design and manufacturing 
space for composite structures, allowing for more radical and optimised designs and shapes 






The current state-of-the-art technology enabling such designs is the AFP machines. 
Although these machines are excellent at laying straight paths, their fibre steering capability is 
extremely limited. The reason is that they bend the tapes to steer the fibre paths, which 
inevitably leads to significant defects such as fibre buckling and resin pockets [19]. 
Furthermore, as the MSR is dependent on the tape width, the ATL machines laying more than 
100 mm wide tapes have almost no steering capability. 
To address these manufacturing issues, a novel fibre steering concept, named 
Continuous Tow Shearing (CTS), was developed at the University of Bristol [20]–[22]. The 
CTS can align fibres along a curved path without causing buckling and defects, by shearing 
continuously-fed tapes. The main advantage of this technology is that since it relies on the 
shear deformation of the tape, the material width no longer affects the MSR, meaning that much 
wider tapes can be used, significantly boosting the productivity of the fibre steering process.  
To exploit this feature, in this research a wide tape placement system was developed, 
that can produce high quality fibre steered laminates. Furthermore, the original concept of CTS, 
which was designed for use with dry carbon tapes, was expanded for use with unidirectional 
prepreg tapes. This development took CTS one step closer to commercialisation, since the 




The primary aim of this research was to develop a tape laying machine that can produce 
high quality fibre steered laminates, using the CTS technology. To achieve this aim the 
following key objectives were identified: 
- Identification	of	material	requirements	for	the	CTS	process.	
- Development	 of	 shearing	 mechanism/system	 and	 tape	 laying	 prototype	 that	
satisfies	such	requirements.	
- Characterisation	 of	 tape	 steering	 quality	 produced	 with	 different	material	 and	
process	parameters.	
The CTS process poses unique requirements in terms of material format, as the tape 
material is modified due to shear deformation prior to deposition. As such the literature on the 
shear deformation of unidirectional dry fabrics and prepreg tapes was studied and a hypothesis 
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was formed that by introducing in-plane tension during the shear deformation of the tape the 
steering quality could be improved. 
A tape feed system was then developed that allowed for tension control capabilities in 
conjunction with the CTS mechanism. A tape placement head was designed and built around 
this system and the shearing mechanism. Emphasis was placed on producing a head prototype, 
where the majority of the process parameters (eg tape temperature) could be adjusted, to test a 
wide array of experimental conditions during the lay-up trials. 
Finally, the last objective was to perform process characterisation by identifying the 
critical process and material parameters and assessing their impact on the steering quality of 
CTS. This analysis provided an initial understanding on the relationship between parameters 
and process quality and was the first step towards the development of a process optimisation 
framework, where the ideal material format and process parameters would be identified for the 
layup of a given part. The thesis chapters were structured accordingly: 
 
Chapter 2 - Literature Review on Fibre Steering Technologies 
The manufacturing characteristics of fibre steering technologies are presented. 
Emphasis is placed on the automated material placement machines, which constitute the current 
state-of-the-art in fibre steering, and the CTS technology. Furthermore, the benefits and the 
potential applications of the fibre steering technology within the aerospace industry are 
presented. 
 
Chapter 3 - Novel Material Placement System with Advanced Steering Capability 
The design requirements and the development of the wide tape CTS head prototype are 
outlined. Emphasis is placed on the systems that differentiate the wide tape CTS from the 




Chapter 4 - CTS Process for Steering Unidirectional Dry Fabrics 
The use of CTS with dry unidirectional fabrics is presented. An experimental procedure 
is developed to assess the shear behaviour of unidirectional fabrics during the CTS process. 
Fabrics with different material formats are selected and the quality that can be achieved with 
each format is assessed.  
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Chapter 5 - CTS Process for Steering of Unidirectional Prepreg Tapes 
A feasibility study on the use of CTS with prepreg tapes is presented. An experimental 
procedure is developed to assess the shear behaviour of prepreg tapes during the CTS process. 
Emphasis is placed on process parameters such as temperature and tension, as they were found 
to be critical to the steering quality that can be achieved with prepreg.  
 
Chapter 6 - Conclusion & Future work 
A summary of the findings of this thesis is presented. Several suggestions are made on 
how to improve the function of the placement head, but also on how to further investigate the 
















Fibre Steering refers to a design and manufacturing method in which the fibres within 
a composite layer follow curvilinear fibre paths. In such a way, the material properties of a 
structure can be tailored locally, and the structure can be reinforced only in the critical areas 
and directions, leading to optimised and more efficient components.  
Fibre steering became possible through advancements in automated material placement 
and in particular the introduction of AFP. One of the main drivers behind the development of 
AFP was the ability to lay-up on complex moulds. To achieve this an AFP machine used narrow 
tapes, whose speed could be individually adjusted, enabling tape steering. Fibre steering is 
necessary for lay-up on doubly curved moulds and is currently in use in industry [23]. 
Nonetheless, its use to enhance the structural performance of a structure remains a purely 
academic field, as the industrial applications are extremely limited.  
 Although the potential of fibre steering for structural optimisation was discovered as 
early as 1987 [24], this is still a relatively young field with the majority of the publications 
occurring in recent years. Furthermore, as is outlined in [25], while the design frameworks that 
have been developed for fibre steered structures have made great strides, certification criteria 
have not been yet developed. Finally, although the advent of AFP machines is what originally 
allowed for fibre steering, it was soon realised that severe defects were introduced into the 
structure as the tapes were bent to steer their path, leading to buckling while laying paths with 
radii in the range of 1000 mm. This not only detrimentally affects the mechanical properties of 
the structure, but it also further complicates the design process as the impact of these defects 
on the structure should be taken into account. 
 There have been several literature reviews concerning fibre steered designs and their 
manufacturing. Ghiasi et al. [26] reviewed the available optimisation methods for the design 
of fibre steered laminates and ranked them according to their effectiveness. The authors aimed 
to provide a reference of the available optimisation methods to aid designers select the 
appropriate method for specific problems and to highlight areas which show potential for 
further development. Ribeiro et al. [27] reviewed the mechanical behaviour of fibre steered 
designs, placing emphasis on the buckling, failure and vibration response of fibre steered 
plates. The aim was to outline the mechanical behaviour of such plates, rather than give insight 
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on design and optimisation techniques. The most recent review was published by Sabido et al. 
[25], where the aim was to present the methodologies for fibre steered laminates that were 
found at the intersection of design, analysis and manufacture and thus represented all the 
development phases of a composite component. The authors included papers which not only 
performed design and optimisation of fibre steered panels and structures, but also addressed 
manufacturing constraints and performed experimental testing to validate the designs. The 
design problems where fibre steering can prove beneficial were divided in the following 
categories: a) stiffness, b) strength, c) dynamic performance, d) buckling, e) postbuckling, f) 
thermal performance and g) multi-objective (combination of the previous categories). Finally, 
Lozano et al. [28] reviewed the available design for manufacturing methodologies for fibre 
steered components and outlined areas where further research was needed. The motivation was 
to provide guidelines and make certain that suitable manufacturing constraints were introduced 
in the design and optimisation process to ensure the manufacturability of a fibre steered 
component. It was also stated that the real case studies of fibre steered components were 
extremely limited and most of the literature was focused on flat plates, beams and simplified 
geometries. This meant that the manufacturing constraints developed for such components 
wouldn’t necessarily apply for real-world complex components and this is an area that needed 
to be addressed in the future. 
 The primary aim of the literature review in this thesis is to outline the manufacturing 
space of fibre steered components using automated material placement machines and present 
how it could be further expanded using CTS. The impact of the manufacturing constraints on 
the design process was also outlined with examples on the main areas where fibre steered 
designs can prove beneficial; namely: the buckling response, the reduction of stress 
concentrations and the dynamic response. Although the focus is on fibre steering using 
automated material placement machines and the CTS, a separate section reviews alternative 




The majority of the research on manufacturing of fibre steered components was 
conducted using automated material placement machines. The reason is twofold: firstly, they 
were one of the first technologies that enabled fibre steering and secondly, they are the 
manufacturing method of choice for the aerospace industry. As outlined in Chapter 1, material 
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placement machines are split in two main categories: ATL and AFP machines. Leaving aside 
the difference in the material format, their operating principle and the path of the tapes are the 
same, as shown in Figure 6 and Figure 7. Both machines can deposit and compact the tapes on 










As the complexity of the produced parts increased, it became evident that the width of 
the tape affected detrimentally the capability of the machine to lay-up on doubly curved 
moulds. The reason for this is twofold. Firstly, the tape needs to be bent out-of-plane to conform 
to the curved surface, and secondly a doubly curved surface requires steering of the tape path 
to maintain a constant fibre orientation. As a placement machine steers the fibre path by 




These issues were partially addressed by the development of AFP machines, which appeared 
later than ATL machines [13]. By drastically reducing the width of the tapes, the magnitude of 
the defects generated during the steering of the tapes (Figure 8a) and during the compaction on 





 Concerning the use of fibre steering to improve the structural efficiency of composite 
components, the design space is heavily influenced by the manufacturing capabilities of each 
material placement machine. These manufacturing capabilities include several parameters such 
as the maximum steering angle and the minimum steering radius (MSR). The latter is probably 
the most crucial metric, regarding the available design space, as it will dictate the definition of 
the steered paths.  
In this section, the manufacturing characteristics of fibre steering machines will be 
outlined. Furthermore, examples will be presented on the main areas that usage of fibre steering 
can improve the structural efficiency. The effect of manufacturing constraints on the design 






All modern automated material placement systems steer the path of the fibres by 
rotating the placement head and thus by inducing bending deformation on the tapes. This 
creates compressive stress on the inside of the tape path, causing buckling of the tape, and 








 This effect means that the magnitude of process-induced defects increases, as the 
steering radius reduces. The MSR that a machine – material combination can achieve is one of 
the most important metrics of its steering performance. The MSR constitutes a hard bound of 
the available design space for fibre steered designs. It also heavily influences the strategy to 
determine the steered paths that the machine will lay-down, which often leads to gaps and/or 
overlaps between the courses and can have a detrimental effect on the mechanical properties. 
Thus, in this section research conducted on the MSR and the path definition strategy will be 
presented. These manufacturing characteristics are significantly affected by material and 
process parameters and thus the experimental conditions and the tape materials used in the 




As the MSR significantly affects the available design space of fibre steered designs, it 
is one the most important measures of steering performance for a machine and thus it is an 
active field of research. In general, there are two approaches to estimate the MSR, one 
analytical [33], [34] and one experimental [19], [23], [35], [36], [37].  
In [33], [34] an assumption was made that the MSR coincides with the radius, at which 
the material reaches its critical buckling load. On the other hand in [19], [23], [35], [36] the 
MSR was defined as the minimum radius that can be achieved without the introduction of 
significant defects. However, the term “defects” was not clearly defined. For example in [33] 






was made to characterise the occurring defects. This is probably due to the nature of defects in 
steered composites, which can include fibre misalignments, resin gaps, overlaps, tape pull-outs 
etc, which are difficult to measure and quantify. It is important to clarify at this stage that in 
this report “fibre wrinkling” refers to defects/misalignments that are generated in the in-plane 
direction, while “fibre waviness” refers to defects/misalignments that occur in the out-of-
plane/through-thickness direction. In an attempt to improve the clarity of the MSR definition, 
Veldenz et al. [37] proposed the definition: “a lower limit radius at which a tape of specified 
width and material generates wrinkles small enough to be negligible, or acceptable for the 
purpose of its application”. Nonetheless, it becomes evident from the difficulty in defining the 
MSR, that in nearly all the reviewed studies, the MSR either depends on what each author 
defines as acceptable defects, or on the definition of each analytical model. It would then be 
expected that the MSR values found in different papers would vary significantly.  
Furthermore, in a significant number of papers, which investigate the design of fibre 
steered components [13], [38]–[44], the value of 635 mm was used as the MSR, to inform the 
design process with a manufacturing constraint. Some of these studies [39], [42] referenced the 
value of 635 mm to [40], which is the paper where it originally appeared. This was taken as the 
MSR of a Cincinnati Milacron AFP machine which could lay up 3.175 mm wide tapes. 
However, no figures or any criterion were presented in [40], to support the claim that 635 mm 
is the MSR for this combination of machine and material. It was only stated that for radii lower 
than 635 mm moderate to significant local buckling was developed. 
In Figure 10, minimum steering radii are presented, derived from the literature [19], 
[23], [33], [34], [35], [36], [40] and including both analytical and experimental studies on the 
MSR. The majority of the values presented in the graph refer to steering of prepreg tapes, 









As can be seen from Figure 10, the MSR values found in the literature vary greatly. 
This is attributed partly to the fact that different material and process parameters, as well as 
different material deposition machines were used in these analyses. But this alone could not 
accommodate such great differences and it is clear that the definition of the MSR is too flexible. 
A quantifiable criterion of what are considered acceptable defects, or what is the impact of 
certain defects on mechanical properties is needed. 
Furthermore, it is evident that the width of the tapes heavily influences the MSR value. 
Figure 10 clearly demonstrates that ATL machines, which lay a tape with a width of 75 mm or 
larger, have almost no steering capabilities due to a large MSR. This coupling between the 
width of the tapes and the MSR occurs as a material placement machines relies on bending 
deformation to steer the path of the tapes. The compressive stress on the edge of the tape will 












































One of the approaches taken to estimate the MSR was to calculate the critical buckling 
load of a tape and the conditions at which it occurs, through an analytical model. In [33], [34] 
the MSR was defined as the radius at which no buckling occurs and thus the compressive forces 
applied to the tape remain below the critical buckling load. An analytical model was developed 
to estimate the critical buckling load. Beakou et al [33] modelled the section of the tape where 
the bending deformation occurs as a thin anisotropic plate made of carbon prepreg, which rests 
on an elastic foundation (Figure 11). The stiffness of the elastic foundation simulated the 
adhesion between the tape and the underlying surface (tack of the tape). The annotations in 
Figure 11 stand for: (a) the length of the plate, (b/2) the width of the tape, (h) the thickness of 
the tape and (kn) the stiffness of the foundation. 
 
Figure	11.	Prepreg	tape	modelled	as	an	anisotropic	plate	on	an	elastic	foundation	[33].	









where => is the longitudinal Young’s modulus of the prepreg, ? controls the distribution of the 
applied in-plane stress and @ABC is the critical compressive buckling load of the tape. 
A sensitivity analysis was performed on the analytical model to determine the 
parameters which have the greatest impact on the MSR, which were the width and tack of the 
tape. Experimental results were also obtained, using a prepreg tape (M21/ 35%/268/T700GC, 
Hexcel, US) and an AFP machine (FPV-ATLAS, Forest Line, FR). Concerning the 
experimental parameters, the deposition temperature was 35 oC and the deposition speed was 
200 mm/s. Qualitative results were given for experiments which investigated different 
processing parameters: 
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- Compaction pressure: A significant effect on the quality of the laid tapes was observed. 
Excessive pressure led to tape wrinkling, while low pressure values led to tape 
detachment.  
- Lay-up surface tack: Tests on different surfaces were performed and it was validated 
that an enhanced tack leads to improved steering quality. The best results, were obtained 
while laying directly on a carbon-epoxy prepreg ply. 
- Lay-up speed: The deposition speed had a significant effect on the MSR. By increasing 
the speed from 200 mm/s to 500 mm/s the MSR increased from 1500 mm to 4000 mm. 
These observations prompted the authors to suggest that a mesoscopic model, which 
treats the matrix and the fibres as different constituents, would be more suitable to give an 
accurate estimation of the MSR. It is important to note that no photographic evidence was given 
as to what was considered an acceptable level of wrinkling, and although it was stated that the 
MSR of the experimental trials was 1.5 m, the widths of the laid tapes were not mentioned. 
Matveev et al [34], developed a similar analytical method. This model however was 
developed for dry fibre tapes rather than prepreg. According to the authors, emphasis was 
placed on linking the model with physical parameters, which was the reason that the model 
was informed using experimental data from steering trials. It was found that the stiffness of the 
elastic foundation (tack of the tape) and the width of the tape were the parameters which had 
the biggest impact on the formation of defects (Figure 12). These results are in agreement with 
the ones presented in [33]. It was concluded that as the temperature of the material had a direct 
effect on the tack of the tape it is one of the most important processing parameters that can be 








In this section, the studies which investigate experimentally the MSR of a machine-
material combination are presented. Emphasis is placed on the process and material parameters 
which were investigated by each of the studies and how they impacted the steering quality of 
the process. 
 Peng et al. [23] examined the steering capabilities of ATL machines using wide prepreg 
tapes. One of the main assumptions of this study was that a certain level of slippage can occur 
between the fibres. If the level of slippage is not enough to accommodate the length difference 
of the tape boundaries during steering then wrinkling occurs. However, this mechanism and 
the effect of the processing conditions on it were not examined.  
To obtain values for the slippage of the fibres an experimental approach was followed, 
in which tapes of 3 different widths (75 mm, 150 mm, 300 mm) were laid using an ATL 
machine (M. Torres, ES). Concerning the lay-up parameters, it was noted that the temperature 
was fixed at 33oC and the roller pressure at 500 N. The prepreg that was used was 5228/T700 
(Toray, JP). The MSR that were observed were 55,000 mm, 115,000 mm and 240,000 mm, 
while laying 75 mm, 150 mm and 300 mm wide tapes, respectively. However, no pictures from 
the experimental results were shown and it was not stated what level of wrinkling or defects 
was considered as acceptable.  
Smith et al. [19] performed an extensive study on the effect of processing parameters 
on the MSR that can be achieved with an AFP machine. A criterion for a defect-free steered 
course was defined, in that it “contained no tape fold-overs, but slight compressible waves were 
acceptable”. It was stated that an acceptable out-of-plane wave was less than 1 mm in height, 
however the measurement method was not presented. Notably, [19] is one of the few studies 
where figures were presented to further support the claims, as in Figure 13a and Figure 13b, 
annotations were used to illustrate what the authors considered acceptable defects. Nonetheless 
it was obvious from Figure 13 that even in the acceptable steered courses there was a significant 
number of out-of-plane waves. Compressing these waves would turn them to in-plane wrinkles, 






For the experimental study an AFP machine (Automated Dynamics Corporation, US), 
available with two different heads which used twelve 3.175 mm wide tapes and four 6.35 mm 
wide tapes, was used. The processing parameters that were examined were the following: 
- Lay-up surface: Lay-up on a released aluminium tool provided the largest MSR, as the 
tool had low tack. Heating the tool surface improved the quality significantly. 
Nonetheless, the best results were obtained when laying up directly on a woven prepreg 
ply, which had significantly higher tack. 
- Temperature: Higher temperature led to a reduction in the MSR. It was stated that 
higher temperature reduced the viscosity of both the laid tapes and of the substrate ply. 
A reduced viscosity led to an increase in tack. 
- Lay-up speed: An increase in deposition speed led to an increase in the MSR. The 
authors stated that this was due to the higher shear rate of the tapes and a reduced 
compaction time. 
The results on the impact of the above process parameters on the steering quality are in 
agreement with the results presented in [33] and [31]. It was found that for the optimum set of 
experimental conditions (lay-up speed of 200 mm/s and heating at 150o C) the MSR was 1350 
mm for the 6.35 mm wide tapes. 
Clancy et al. [35] assessed the steering performance of a single tape AFP machine 
(AFPT GmbH, DE) using thermoplastic tapes. Concerning the process parameters, the lay-up 
speed was 3 m/min and the substrate was made of PEEK. Concerning the material parameters, 
6 mm wide thermoplastic tapes were used, provided by Suprem, CH (composed of IM7, 
Hexcel, US carbon fibres embedded in a 150 UF10 PEEK, Victrex, GB matrix). Paths were 
laid at multiple steering radii (Figure 14) and visual observations were performed to assess the 
quality of the steered tapes. The MSR was identified to be 800 mm, as this was the lowest 
a) b) 
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steering radius tested resulting in no defects. At a steering radius of 600 mm, wrinkling and 
tape pull-up developed, while the magnitude of these defects increased as the steering radius 
reduced. Once more this is one of the few studies were annotated figures are used to illustrate 





Furthermore, extensive testing was performed to assess the effect of the lay-up speed 
and steering radius on the quality of the steered tapes, using two different thermoplastic 
materials. It was found that both these parameters had an effect not only on the defect 
generation, but also on the thickness and width of the tapes. It was noted that this could lead to 
gaps between adjacent tapes and should be taken into account during the design process. 
On another study on thermoplastic tapes Lamontia et al. [36] performed steering trials 
using in-situ consolidation of  6.35 mm wide AS-4/PEEK thermoplastic tapes. The trials were 
performed using a twelve tape AFP head (Cytec Engineered Materials, US) housed on a gantry 
platform (Cincinnati Machine, US). The MSR that was achieved was 1270 mm (Figure 15), 






Finally, L. Veldenz et al. [37] presented one of the first studies on the steering quality 
of dry fibre tapes using an AFP machine (Coriolis Composites SAS, FR). A quantitative 
analysis method was developed to assess the out-of-plane waviness that occurs while steering 
dry fibre tapes. The method required the scanning of steered samples using a laser surface 
scanner. The surface area of peaks and valleys on the surface of the tape was then calculated 





Concerning the process parameters: the lay-up speed was 1000 mm/s for a straight path 
and was gradually reduced to 120 mm/s as the steering radius reduced, due to complex machine 
kinematics. Eight tapes were laid on a ply of dry fabric tapes as a substrate. Two different types 
of 6.35 mm wide dry fibre tapes were used (PRISM TX1100 IMS65-24K-UD-196-6.35, Cytec 
Solvay Group, US and HiTape®, Hexcel, US), which exhibited different topography. Single 
R: 1270 mm 
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ply lay-ups were performed at different steering radii ranging from 2000 mm to 100 mm, to 





The results showed that the sum of the peak and valley volumes for both materials 
increased by a similar percentage, as the steering radius reduced. This study provided a tool to 
quantify the out-of-plane deformation of steered tapes and thus could be used to optimise the 
material and process parameters for the lay-up of steered tapes. However, from the current 
analysis it was not possible to determine the MSR for each material and as Veldenz et al. stated, 




During steering with an AFP or ATL head different path definition strategies can be 
employed to create the desired trajectories, which are known as the parallel and the shifted 
method (Figure 18). In this section, the advantages and disadvantages of each strategy will be 







In the parallel method, the tape paths can be placed adjacently, by decreasing the 
steering radius (Figure 18a). The advantages of this method are that the laminate has a constant 
thickness with no gaps or overlaps, while in theory there is no limitation to the maximum 
steering angle that can be achieved. Nonetheless, this steering method has a significant 
drawback as the radius is limited by the MSR of each machine – material combination, 
significantly reducing the design space. Another disadvantage is that the material properties 
can vary at different steering radii, as the magnitude of process-induced defects increases as 
the radius decreases. Thus, the mechanical properties of the resulting laminate can vary from 
point to point. 
On the contrary, the shifted method requires that the whole path is shifted and thus the 
steering radius of each course remains the same. The disadvantage of this strategy is that to 
cover the desired surface, either overlaps (Figure 18b), or gaps (Figure 18c) are generated by 
terminating individual tapes. This process introduces significant defects into the laminate as 
can be seen in Figure 19. In the case of gaps, they not only lead to resin pockets, but also induce 
fibre waviness as the layers of the laminate are compressed during autoclave curing and sink 
into the gaps (Figure 19b, Figure 19c). This applies for the case of overlaps as well, as the 
thickness of the laminate can vary significantly from point to point (Figure 19a). 
 






The shifted path strategy, introduces significant steering angle variations and 
discontinuities at different points of a laminate (Figure 20a). As the lay-up head rotates to place 
a steered course, the steering angle will be uniform across the bandwidth of the tape (DE 	−
	Figure 20b), but it will vary across the shifting direction (HI 	−	Figure 20b). The magnitude 
of these variations will increase as the number and width of the laid tapes on each course 
increases and the radius decreases, significantly affecting the quality of the laminate. 
Furthermore, the shifted path strategy limits the maximum steering angle that can be 
achieved. According to [48] the shifted path strategy requires that each path is shifted at a fixed 









where UV is the steering angle at the origin of the course (Figure 20b) and DE is the width of 
the course: 
 
 LM = WXXM (2.3) 
 
 




To maintain the distance HI constant as the steering angle increases, it is necessary to 
either terminate tapes to reduce the width of the course, or to create overlaps. Then the 
maximum steering angle that can be achieved is:  
 











Although the parallel path creates no apparent defects, the limitation of the MSR makes 
its use difficult and constraints greatly the design space. Thus a significant number of research 
papers focus on the impact of the gaps and overlaps, created by the shifted method, on the 
properties of such a laminate and the development of appropriate criteria that can be introduced 
in the design process to more accurately predict the structural performance [25], [28]. As gaps 
and overlaps constitute stiffness discontinuities and localised defects, their presence can affect 
all the properties of a fibre steered laminate, from strength and damage resistance [49] to 
buckling behaviour [50] and even vibration response [38]. This further complicates the design 
process and more importantly makes it difficult to certify fibre steered laminates, as the effect 















In this section, potential applications of fibre steering on aerospace components are 
covered. The aim of this section is twofold: firstly, to demonstrate and give examples on the 
benefits of fibre steering on aircraft and spacecraft components and secondly to demonstrate 
the impact of the manufacturing characteristics of modern placement machines on the structural 
efficiency of fibre steered components. This section is by no means a review of all the available 
literature on fibre steered designs, as such studies have been presented in [25]–[27].  
As such this section is partitioned in designs which focus on buckling performance, 
dynamic performance, as well as a section outlining the use of fibre steering to reduce stress 
concentrations. The majority of the available literature focuses on plates and cylinders, which 
can be considered simplified geometries of aircraft components (e.g.wing ribs and fuselages). 
An example will be given on each of these categories and wherever possible it will be from an 
experimental study, providing information on the manufacturing aspect. The examples 
presented clearly demonstrate the benefits and improved structural performance of fibre steered 
laminates in these areas. Nonetheless, they illustrate that by improving the fibre steering 
performance (e.g. lowering the MSR) of automated placement machines, further improvements 




 There is a significant number of studies demonstrating the benefits of fibre steered 
designs on the buckling behaviour of composite plates. The literature is summarised in the 
reviews of Sabido et al. [25] and Ribeiro et al. [27]. One of the few experimental studies is the 
work of Marouene et al. [39], who manufactured and tested two rectangular fibre steered panels 
using a VIPER 4000 AFP machine (Cincinnati Machine, US) with 3.175 mm wide prepreg 
tapes. Both panels were designed with the shifted method and one had complete overlaps, while 
the other complete gaps (Figure 21). Although the trajectories of the paths were the same, the 






A rig was developed to create simply-supported boundary conditions on all the edges 
of the plate and a loading condition of uniform end shortening. The experimental results 
indicated clearly that the fibre steered panels exhibited improved structural performance 
compared to the quasi-isotropic panel. The weight-normalised pre-buckling stiffness, buckling 
load, and failure load of the panel with overlaps were higher by 46%, 45% and 45%, 
respectively, while of the panel with gaps were higher by 8%, 22% and 1% respectively, 
compared to the quasi-isotropic panel. The results demonstrated that the impact of the path 
definition strategy (gaps-overlaps) both on the weight and structural performance can be 
significant. 
Wu et al. [51] investigated the buckling behaviour of fibre steered composite cylinders. 
Two composite fibre steered shells were manufactured using an AFP machine (Ingersoll, USA) 
and a course width of twenty-four 3.175 mm wide slit tapes (prepreg tapes). Both shells were 
manufactured with the shifted path strategy and one had complete overlaps, while the other 
complete gaps (Figure 22). The manufacturing of the shells was described in greater detail in 
[52]. It is important to note that it was necessary to reduce the lay-up speed during placement 
of the steered courses, however the authors did not state the value. The shell that was 
manufactured with complete overlaps was 27% heavier compared to the shell with gaps. 
The cylinders were then tested in compression. The shell with complete overlaps had a 
weight normalised pre-buckling stiffness and a buckling load which were 28% higher and 78% 
higher, respectively, compared to the shell with complete gaps. Once more the results 
demonstrated that the impact of the path definition strategy both on the weight and structural 
performance can be significant. 









 Alhajahmad et al. [53] investigated numerically another application where fibre 
steering could prove beneficial, which was to improve the pressure pillowing response of 
aircraft panels. This is applicable for wing skins and pressure tanks where pressure pillowing 
takes place (Figure 23). A representative fuselage panel (2D plate) was considered, which was 
bounded by two frames and two stringers and loaded both by out-of-plane pressure, to simulate 
the pressure pillowing effect, as well as by in-plane loads, to simulate the load carrying capacity 
of the panel. Optimised fibre steered designs were produced under two different criteria, one 
for strength and one for buckling.  
The laminate optimised for strength had a 27.7% and 50% higher failure and buckling 
loads respectively, while the one optimised for buckling had a 35.6% lower and 161% higher 
failure and buckling loads, respectively, compared to a quasi-isotropic panel.  
 






 Overall it was shown that fibre steered structures exhibit improved buckling and 
pillowing performance. However, the impact of manufacturing characteristics, such as the 
formation of gaps or overlaps during the placement of the paths can significantly affect both 
the weight and the structural efficiency. Especially for the case of overlaps, improved 
performance was achieved, but this could be related to the increased thickness of the laminate 
in the areas of overlaps, as the laminate thickness significantly affects the buckling load. 
Increased thickness leads to improved resistance in buckling and this effect can lead to 
misleading estimates in terms of the performance increase of fibre steered laminates. This is 
one of the limitations of using weight normalised performance metrics, which are commonly 




Cut-outs are ever present in a modern civil aircraft, from the fuselage where cut-outs 
are created to place windows and passenger doors, to the lower wing skin, where holes are 
needed to access the fuel tanks and hydraulic lines. It comes as no surprise that such holes lead 
to high stress concentrations and often to overdesigned components. The traditional approach 
to address their impact on the structural performance of the structure has been to locally 
reinforce and thicken the cut-out areas, leading to a weight penalty [54] and often attracting 
more loads to the cut-out, due to the increased stiffness [55].  
Fibre steered designs can provide a more effective approach to reduce the peak stress 
in the cut-out area, by redistributing the loads to supported regions of the panel (e.g. frames 
and stiffeners) [54]. There has been a growing number of studies on the effectiveness of fibre 
steered designs in reducing the buckling and post-buckling failure loads for components with 
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cut-outs. As this area was not explicitly covered by the existing literature reviews, it is analysed 
in greater depth in this section, by reviewing multiple studies which illustrate the benefits of 
fibre steering in addressing common stress concentration problems of aircraft components.  
The majority of the studies focuses on flat panels. One of the first numerical studies 
was performed by Hyer et al. [56], where a simply-supported square plate with a centrally 
located hole was loaded in uniaxial compression and tension. It was shown that both the tension 
and buckling capacity of the plate were increased compared to a quasi-isotropic and optimised 
orthotropic laminate. Since then extensive numerical and experimental studies followed to 
provide both the analysis tools to design such plates, but also to validate their benefits. Jegley 
et al. [57] designed fibre steered panels with circular cut-outs of varying sizes, manufactured 
them using an AFP machine and tested their performance. Lopes et al. [46] developed a model 
to predict the damage behaviour and the final collapse of fibre steered panels with and without 
cut-outs. The analysis was benchmarked against experimental results presented in [57]. Both 
these studies considered 20 layer 508 mm x 381 mm plates with a 76.2 mm diameter central 
hole, where fibre steered designs with complete overlaps and gaps were tested. The results 
showed that fibre steered designs provide more tolerance to holes compared to straight fibre 
laminates, especially for the case of panels with overlaps. A significantly higher performance 
was achieved, with up to 55% higher strength and 90% higher buckling load compared to 
optimised straight fibre laminates. A later study by Lopes et al. [55] demonstrated that it is 
feasible to produce fibre steered panels which are insensitive to a central hole, in terms of 
buckling and first ply failure response. The structural performance of such designs compared 
to traditional straight fibre configurations was more than double. 
Gomes et al. [54] focused on the shear buckling and post-buckling performance of fibre 
steered designs with cut-outs. It was shown that the benefits of fibre steering for shear buckling 
are not as extensive compared to compressive buckling. Nonetheless the fibre steered designs 
outperformed the optimised straight fibre designs for a hole size of up to two-thirds of the panel 
width. 
Khani et al [58] performed design and experimental testing of a flat panel with a large 
cut-out, representing a section of lower wing skin. Three different laminates were considered: 
quasi-isotropic, orthotropic (constant stiffness) and fibre steered (variable stiffness). The panels 
were optimised for maximum strength for two separate load cases: tension and combined 
tension and shear. The panels were manufactured using an AFP machine (Coriolis, FR) and 
6.35 mm wide prepreg tapes. After experimental testing, it was found that the fibre steered 
laminate exhibited 48% and 35% higher first-ply and utimate failure loads respectively, while 
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the costant stiffness laminate achieved a 38% and 37% improvement over the quasi-isotropic 
laminate for the same metrics, respectively. As shown in Figure 24b, significant wrinkling was 
caused by the steering of the tapes using the AFP machine. Nonetheless the results showed that 
the fibre steered laminate not only achieved significantly higher failure loads, but the failure 
was also more evenly distributed over the area of the panel (Figure 24c). 
 





 Wu et al. [59] performed a study on the effect of cut-outs on fibre steered cylinders. This 
work was an extension of the work presented in [51] on the buckling behaviour of fibre steered 
cylinders, which was detailed in Section 2.2.2.1. The cylinders presented in [59] were identical 
with the cylinders presented in [51], with the only difference being the introduction of a single 
cut-out on the surface of the cylinder, scaled to represent a passenger door (Figure 25a). The 
cylinders were tested under compression using the same experimental setup (Figure 25b) as in 









maintained on average 92% of the axial stiffness and 86% of the buckling load of the original 






 Overall, all the presented studies on the use of fibre steering to reduce the stress 
concentration from typical design features, such as cut-outs, clearly demonstrate the improved 
structural performance and in particular the improved compressive buckling response and 
compressive and tensile strength. In these cases, the fibre steered designs outperformed 




The studies focusing on the use of fibre steering to tailor the dynamic response of 
structures were mainly focused in two areas: aeroelastic tailoring of aircraft components and 
vibration response of space structures. Aeroelastic tailoring is an active field of research as it 
can improve the flight performance of aircraft. The dynamic behaviour of spacecraft and 
missiles are critical during the launch of these structures in space, both from a structural point 
of view, as well as to accurately control their trajectory (vibrations can significantly affect the 
functioning of avionics). 
Aeroelasticity is the discipline which investigates the link between aerodynamic, elastic 
and inertial forces [60]. Concerning aircraft, aeroelasticity primarily applies to the interaction 
between the structural behaviour of the wings (e.g. wing shape under different loads) and its 
a) b) 
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aerodynamic performance. Aeroelastic tailoring of aircraft wings can lead to either reduced 
weight of the wing and/or improved aerodynamic performance. 
In [61] some examples were presented on how the anisotropy of composites can be 
exploited, to induce couplings between different deformation modes (e.g. bend-twist coupling). 
In Figure 26, three different examples of aeroelastic tailoring were presented; Figure 26a shows 
an isotropic laminate with no bend twist-coupling, Figure 26b shows a negative bend twist 
coupling, known as wash-out, which reduces the aerodynamic loading on the wing and Figure 
26c shows a positive bend twist coupling, known as wash-in, which increases the aerodynamic 
loading on the wing. The wash-out and wash-in effects expand the available design space for 






These effects can be obtained with conventional straight fibre unbalanced laminates. 
One of the main aims of [61] was to demonstrate what added benefits can be obtained by 
introducing fibre steered laminates. To investigate this an aircraft wing was idealised as a 
rectangular flat plate, composed of six composite layers, fully clamped at its root and subjected 
to low speed air flow.  
 





A significant performance improvement was obtained for a fibre steered design in terms 
of static aeroelastic behavior. It was theoretically shown that the laminate achieved a reduction 
of 24.9% in the peak Tsai-Wu failure index (Figure 27), which was a strength based criterion. 
It was also observed that the fibre steered design led to a spreading of the peak stresses away 
from the root and over a greater area of the plate, in comparison to the straight fibre design. 
In [62], the benefits of fibre steering were illustrated on a more realistic 3d wing model. 
An optimisation routine was developed with the aim to reduce the mass of the wing. A plethora 
of constraints was added to the model, such as the strains and buckling loads due to maneuver 
and gust loads, assessing the impact of fibre steering on many aspects of a wing’s behaviour. 
Overall four different laminates were assessed for the top and bottom wing skins: a symmetric 
and balanced laminate with constant 0/±45/90° ply percentages of [60/30/10], the same 
laminate rotated at a fixed angle, a fibre steered laminate where the laminate rotation angle 
varies in the spanwise direction and a fibre steered laminate where the laminate rotation angle 
varies in the spanwise and chordwise direction, which were named ‘UD’, ‘UDrot’, ‘VAT’, 








From the analysis, it was found that the optimum laminates exhibited extension-shear 
coupling, which promoted the wash-out effect, distributing the lift forces inboard and allowing 
for reductions in the skin thickness (Figure 28c). Overall the fibre steered wing skins exhibited 
improved performance, achieving a weight reduction of 7.3% and 10.5% for the VAT and 
2DVAT configurations respectively, compared to the UD laminate.  
Concerning the use of fibre steering to improve the vibration response of components, 
there have been several studies which analysed representative geometries of space structures, 
such as plates, cylinders and cones.  
Paaldeberends et al. [63] investigated the use of fibre steering to design and 
manufacture a satellite solar panel. The aim of the study was to increase the critical eigen-
frequency while maintaining the same mass. Two 1750 mm x 900 mm sandwich panels were 
produced, which were a scaled down version (1:2) of a conventional solar panel. One of the 
panels had fibre steered skins which were manufactured using the shifted method and an AFP 
machine with 3.175 mm wide tapes, while the other had conventional 0/90 laminates for skins. 
The eigen-frequencies were extracted during tap-tests, where the fibre steered panel 
demonstrated improvements of up to 43.6%. 
 Blom et al. [64] presented a study on maximising the fundamental frequency of conical 
shells using fibre steering. It was shown that fibre steered designs could reach up to 20.5% 




criteria. It was also shown that the design space was bound by the MSR that could be achieved. 
It was observed that as the size of the cones became larger, the efficiency of the fibre steered 
designs increased further, as the MSR was no longer restricting the steering of the paths, due 





 Blom et al. [65] have also performed modal testing on a fibre steered cylinder and a 
baseline cylinder with traditional straight fibre plies. The purpose of the test was to investigate 
the effect of fibre steering on the modal response of the cylinder. The study also presented 
extensively the manufacturing procedures for these cylinders (Figure 30a), showing typical 
defects during the tape steering process, such as the spring-back of steered tapes to the geodesic 








Furthermore, the mismatch between the theoretical optimum fibre angle distribution 
and the actual one, due to the shifted path strategy was illustrated (Figure 31). The fibre steered 
cylinder showed improved dynamic performance in the axial direction, but achieved lower 
modal frequencies in the circumferential direction compared to the baseline cylinder, due to a 
lower bending stiffness in this direction, which significantly affected its dynamic response. 
Overall, it was concluded that further analysis was needed to extract the optimum dynamic 






 From the examples presented it becomes evident that fibre steering leads to improved 
aeroelastic performance of aircraft wings, by allowing to tailor the stiffness at any given point. 
The benefits expand into the area of dynamic performance for representative geometries of 
space structures, such as cones, cylinders and plates. Fibre steering leads to significantly higher 
eigen-frequencies while maintaining the same mass, compared to conventional straight fibre 
laminates. An extensive review on the use of fibre steering on vibration and dynamic response 




 Most of the studies so far illustrate the benefits of fibre steering on idealised geometries, 
such as cylinders and plates. These studies are important to build a knowledge base on the 
design and manufacturing of fibre steered components. However, to promote the adoption of 




Probably the first study that attempts this, was conducted by Oliveri et al. [66], which 
investigated the manufacturing of an actual aircraft component, while employing fibre steering. 
A 750 mm long wingbox demonstrator, representative of a medium-range civil aircraft, was 
constructed using fibre steered panels. This demonstrator was manufactured using a laser-
assisted automated thermoplastic tape placement machine (AFTP, DE) and in-situ curing. The 
steered plies of the wingbox skin had a steering radius of 400 mm. The fibre steered design of 
the demonstrator was expected to have an improvement of the first buckling factor of 14.5% 
compared to a straight fibre wingbox designed under the same criteria. The authors stressed 
however, that the design of the demonstrator was not fully optimised and the main aim was to 
demonstrate the feasibility of producing a wingbox using thermoplastic tape placement and 





This is a pioneering study and it will be beneficial for the field of fibre steering, if it 
paves the way for more to follow. Studies on all the development stages (design & 
manufacturing) of fibre steered structures, can illustrate the areas which require further 
research, but also some of the secondary benefits of fibre steering. For example, as 
demonstrated by numerous studies, fibre steering can lead to components where the same 
structural performance can be achieved with reduced mass. This translates into a reduced 
number of plies, meaning that the production cost can be lowered, due to reduced raw materials 
and potential productivity benefits. 
Furthermore, one of the key advantages of fibre steering that was highlighted in this 
review, is the ability to alleviate stress concentrations, by optimally redirecting the load. This 
can be beneficial in the areas of joints and could be exploited to combine several components 
into a single structure, to reduce the part count. All the studies in fibre steering so far have 
a) b) 
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focused on exploiting the advantages of this method to improve the structural performance of 
existing aircraft or spacecraft components. However, fibre steering, even with the 
manufacturing constraints that were outlined, leads to a radical expansion of the available 
design space for composites structures. This expansion could lead to optimal aircraft designs 




To address the process-induced defects of the fibre steering process using AFP and 
ATL, Kim et al. [20] [21] invented a novel concept, which relied on in-plane shearing of tapes 
(Figure 33). By shearing the tape continuously, its path could be steered, while avoiding the 
in-plane bending deformation of the tape, which is the source of steering defects in current 
machines [1]. This technology was named Continuous Tow Shearing (CTS). CTS allowed for 
a dramatic reduction of the MSR, reaching values of 50 mm. Furthermore, due to the in-plane 
shear deformation of the tapes, it became possible to realise the shifted path strategy, without 
the generation of gaps or overlaps. 
 
 





 To validate the concept a lab-based fibre placement head was developed (Figure 34a), 
which could lay-up a single 8 mm wide dry tape. The tape was semi-impregnated in-situ within 
the head [20] [21]. It was shown that the CTS process could achieve excellent quality, with no 











Furthermore, the use of the in-plane shear deformation offers significant advantages in 
terms of the design process. As can be seen from Figure 35, the CTS process can achieve a 
perfect shifted path resulting in no gaps or overlaps. The shear deformation of the tape also 
leads to a path with constant fibre angle across the shifting direction, unlike a shifted path laid 
with a modern AFP machine where the fibre angle varies (Figure 20a). The uniform laminate 
properties obtained through CTS, not only significantly simplify the design and certification 
process, but also improve the quality and performance of fibre steered laminates as significant 






As outlined in Section 2.2.1.2, to create a fibre steered laminate with the shifted path 
strategy it is necessary to maintain a constant shift distance across the shifting direction, which 
a) b) 
a) b) c) 
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is given by Equation 2.2. This can be achieved, by constantly varying the width of the laid 
course. The reason that the CTS process can achieve the perfect shifted path with no gaps or 
overlaps is because the machine applies in-plane shearing of the tape maintaining a constant 
shift distance, by varying the width and thickness of the tapes (Figure 36): 
 
 M = MS<def (2.5) 





   
where k is the width and t the thickness of the tape, while j is the shear angle. The subscript 
0 refers to the values at a shear angle of 0o. 
Although this coupling between the steering angle and the thickness of the tape is one 
of the reasons that CTS eliminates most defects induced by the steering process, it also means 
that it affects the design space of the CTS process. The thickness of the tape can increase 
drastically for higher steering angles, rising from 1.5 times the original thickness at 50o to 3 
times the original thickness at 70o. The thickness change is significantly less pronounced at 












 It was demonstrated that the CTS process can produce fibre steered laminates of very 
high quality. Furthermore, the unique manufacturing characteristics of the process, create a 
unique design space for CTS. There exist several studies which investigate the use of these 
characteristics to produce fibre steered designs of improved structural efficiency, compared to 
those obtained with AFP machines. 
Dodwell et al. [67] investigated numerically the buckling of a representative skin panel 
of an aircraft, comparing the performance of a CTS and an AFP design to a straight fibre design 
optimised under the same criteria. The optimisation criterion was to minimise the mass of the 
panel subject to a buckling and a MSR constraint. The MSR constraint was shown to 
significantly affect the structural performance of the panels, as can be seen from Figure 37a. 
The designs that were bound by the MSR of each method were noted with an ‘x’ in Figure 37a. 
Regardless of the manufacturing constrains, the CTS designs outperformed the AFP ones. The 
authors attribute this to the ability to tailor the local thickness in CTS designs. The panel 
designed with CTS had a high thickness at the edges, directing the compressive load in these 
areas and turning them into stiffeners. The middle of the panel was thinner, so that it would 
attract minimal load, as it was unsupported. This significantly improved the buckling 







 For this particular panel the optimum CTS design achieved a weight saving of 38% and 
34% compared to conventional straight fibre and AFP designs, respectively. These results 
demonstrated that the thickness coupling in the CTS process can be a powerful tool for the 
optimisation of a structure. 
Coburn et al. [17] investigated the structural efficiency of a wing skin panel with a 
stiffener and in particular its buckling response, which is often the primary design driver 
(Figure 38). By steering the path of the fibres on the skin, it was possible to redistribute the 
structural loads to the stiffeners and increase the buckling efficiency, leading to reduced weight. 
The representative section that was modelled (red rectangle in Figure 38) was comprised of a 
400 mm long skin, with an 15 mm high eccentrically located stiffener. Panels manufactured 
both with AFP and CTS were considered in this study and the coupling between the shear angle 
and ply thickness for the case of CTS was integrated into the model. The CTS panel achieved 
a higher critical buckling load by 68.4% and 84.7% compared to the AFP and straight fibre 






Groh et al. [68] investigated different approaches to predict the elastic stability of fibre 
steered panels manufactured using the CTS. In their model, the thickness change induced by 
the CTS process led to a curved surface on one side of the CTS manufactured panel, where the 
steering angle varied from 700 at the panel edges to 0o at the panel centre (Figure 39). It was 
thus investigated whether the CTS panel should be modelled as a plate or a cylindrical shell. 
The analysis results showed that the buckling behaviour of the examined panel resembled more 
that of shells rather than plates and its behaviour could be more accurately modelled using 
equilibrium equations of cylindrical shells. 
 





 In a follow-on study, Groh et al. [69] investigated numerically the use of CTS to 
improve the structural efficiency of a typical aircraft wing panel. The panel was subjected to 
end compression while applying static failure and buckling load constraints. The optimisation 
criterion was to minimise the mass of the panel. The CTS designs could achieve a mass 
reduction of up to 31% compared to a straight fibre design optimised under the same criteria, 
while at the same time the number of plies was reduced in half. This was achieved by aligning 
the fibres with the direction of the load at the edges of the panel and perpendicular to the loading 
direction at the centre of the panel. In this way, the stress was directed to the stiffer edges, 
which were located at the boundaries and did not buckle. This design approach was similar to 
the one presented in [67]. The CTS design increased further the buckling load of the panel due 
to its curved neutral surface (Figure 39) and the combined membrane and flexural load carrying 
ability that it introduced. 
Stodieck et al. [70] performed a numerical and experimental investigation on the 
aeroelastic benefits of a fibre steered wing. Several wings were manufactured, including one 
using a CTS prototype head and one composed of straight fibre unidirectional layers. The wide 
tape CTS prototype (Figure 40) that was used in this study, was the one that is presented in this 
thesis. Each wing was composed of a composite plate which was covered in foam aerofoil 
surfaces. The wings were optimised to reduce the maximum strains due to equivalent aircraft 
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manoeuvre and wing gust loads. Several wind tunnel and static tests were performed and it was 
shown that the CTS wing had improved aeroelastic performance compared to the unidirectional 





 The CTS wing exhibited 18% lower wing tip displacement and 390% lower wing tip 
twist angle during the wind tunnel tests at an airspeed of 20 m/s (Figure 41). These results were 
achieved due to an increased bending stiffness at the wing root and a bend-twist coupling on 





 The presented studies illustrate that the manufacturing characteristics of the CTS lead 
to an improved structural efficiency, compared to fibre steered components manufactured using 
an AFP machine. This is primarily due to the significantly reduced MSR, which further 
expands the design space and the ability to produce shifted paths without gaps or overlaps, 
maintaining a smooth steering angle variation. Furthermore, it was demonstrated that the 
thickness coupling in the CTS process can be exploited to increase the laminate thickness 







 Fibre steering is an active field of research and the number of techniques that are 
available to produce fibre steered, or variable stiffness components is constantly increasing. In 
this section, several such techniques will be presented. Some are commercial manufacturing 




Zhu et al. [71] presented a novel automated fabric placement method to steer non-crimp 
(NCF) fabric plies. This method was named as ‘shifting’ and was intended for biaxial NCF 
fabrics consisting of 0o warp tows and 90o weft tows. The mechanism employed two clamps to 
grip the fabric along the weft direction. The clamps were placed on linear stages; one moved 
along the weft direction (Shifting Clamp - Figure 42) of the fabric and one along the warp 
direction (Spacing Clamp - Figure 42). The fabric was then sheared, while the clamps acted as 
shearing boundaries. Due to the linear stages, both the distance and lateral displacement 
between the shearing boundaries could be adjusted. The fabric was fed through the mechanism 
via two sets of pinch rollers. All the motions of the head occurred in successive steps and thus 







This mechanism was similar to the mechanism employed by the CTS method, but there 
was a significant difference in that for the case of the CTS, the fabric is being sheared 
continuously, while the Prepare-Shift-Deposit steps that cycle through the shifting method 
occur in individual steps.  
 This mechanism was developed under the assumption that the fabric deforms as a pin-
jointed net (inextensible fibres and pin-like joint between weft and warp tows). Figure 43 shows 
the shear deformation of a 200 mm wide fabric for an angle of 10o. The authors stated that the 
unidirectional tows were subjected to pure shear, while the tows were bent in the area close to 
the clamps. It was noted that the bending deformation was small enough to be negligible for 
the manufacturing of wind turbine blades, which was the aim of this manufacturing method. 
Concerning the accuracy of the method, a significant deviation of the actual shear angle from 
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the programmed shear angle was observed, which was attributed to a spring back of the fabric 






 The average lay-up speed of the prototype (Figure 44) was 30 mm/s, but the authors 
stated that with the adoption of a modern high speed gantry system the speed could be increased 
by an order of magnitude. Furthermore, it was stated that the material deposition rate could be 
increased by increasing the width of the tapes. As is the case with CTS, since this method relies 
on shear deformation, the width of the tape would not affect its steering capabilities. Finally, it 
was stated that although the machine manipulates the fabric in 2D, the material can be placed 









Brecher et al. [32] presented an alternative way to steer the path of thermoplastic tapes, 
that also relied on shear deformation. The method was an evolution of a patent filed by Kermer-
Meyer et al. [72], where a thermoplastic tape was heated to reduce its shear stiffness and then 







 It was stated that the main disadvantages of the process patented by Kermer-Meyer et 
al. were a limited steering angle and complex kinematics of the tape twisting module. To 
address these disadvantages, Brecher et al. presented a concept that relied on the same principle 
of heating the tape and then inducing shear deformation, but with a simpler mechanism that 
could produce curved paths of higher steering angles. The mechanism consisted of two static 
and one dynamic support rollers (Figure 46). The static rollers were placed at an angle and by 
moving the centre roller vertically the tape was sheared, inducing a length difference between 








 To validate the mechanism, a feasibility study was performed (Figure 47), where tape 
was fed through the mechanism that was placed in a thermal chamber. The thermoplastic tape 
that was used was a Suprem, CH unidirectional tape, composed of AS4 carbon fibres and a 








Although the experiments proved the feasibility of the concept, the curvature of the 
steered tapes was 56% lower than the calculated value, significantly affecting the accuracy of 
the process. The authors stated that the steered tapes did not show significant defects and no 
buckling of the inner edge of the tape was evident (Figure 48). A decrease on the tape width 
was also noted, which was attributed to fibres being pulled at the inner edge of the tape, during 







Fused filament fabrication (FFF) is a 3D printing method which has attracted industrial 
interest in recent years, due to its ability to produce complex shapes, with almost zero material 
waste. The method produces a part layer by layer, using a thermoplastic material. One of the 
disadvantages of this technique is the poor mechanical properties of the produced part. Thus, 
several studies were presented on the reinforcement of the thermoplastic material with a 
continuous carbon fibre filament. 
In a recent study, Blok et al. [73] investigated the feasibility of this approach. The state-
of-the-art in 3D printing of composites was presented, with a focus on the MarkOne printer 
(Markforged, US), which uses a thermoplastic material reinforced with continuous carbon 
fibres. An experimental analysis was performed both on the printing capabilities of the machine 
and the mechanical properties of the material. It was found that significant defects developed 
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when shapes with small steering radii and sharp angles were printed (Figure 49). However, the 
carbon fibre reinforced material used by the printer demonstrated a significant increase in 
mechanical properties over traditional thermoplastic materials and was in the same order of 
magnitude as unidirectional epoxy composites. A significant limitation was that the fibre 





In the same study, a 3D printer feedstock was developed, composed of short carbon 
microfibers (100 µm) embedded into a nylon matrix. The processability of this material was 
then assessed by feeding it through a conventional 3D printer. The short fibre material allowed 
for more control in the placement of the material and thus resulted in parts with lower void 
content (Figure 50). However, the mechanical properties of the material were poor and only a 
slight improvement was observed, compared to standard 3D printing thermoplastic materials. 
The fibre volume fraction that was achieved was only 6%. The authors stated that by increasing 
and optimising the fibre length the mechanical properties of the printed parts could be improved 







 A review of all the available methods for 3D printing of composites with chopped, 
woven or continuous fibres was conducted by Frketic et al. [74]. Although the review did not 
focus on the steering capabilities of composite 3D printing technologies, a summary of all the 
available methods and their capabilities were presented. The conclusion was that although the 
advantages of additive manufacturing methods in terms of shape complexity and reduced 
material waste due to near net shape printing were attractive, the mechanical properties of the 





Cevotec Gmbh, DE is a spin-off company from TU München which in recent years has 
pioneered the use of the Fibre Patch Placement (FPP) technology to produce complex and 
structurally optimised components. As is reported by Gardiner [75], FPP was originally 
developed by the Airbus Group and the technology was later transferred to Cevotec for further 
development. 
 The process slices a continuous unidirectional carbon fibre tape into patches (e.g. 20 
mm x 60 mm) and then places them on the surface of a mould, using a robot (Figure 51). The 
foam gripper of the placement robot can place patches into very complex surfaces due to its 
ability to conform to doubly curved surfaces. Furthermore, the robot can place the patches 
along curved paths, aligning the fibres with the primary load path. Although this method 
introduces discontinuities between the patches, Cevotec claims that their preforms can reach 
a) b) 
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up to 150% higher stiffness compared to quasi-isotropic and biaxial lay-ups, while maintaining 





 FPP leads to the development of preforms which are near net shape, thus reducing 
significantly the scrap material. Cevotec claims that their high-throughput system can reach 
deposition rates of up to 15 kg/hr for a single robot, which can be multiplied by employing two 
or more placement robots. The applications demonstrated so far, are mainly in sports. For 
example in [75] the use of FPP during the manufacturing of a snowboard was outlined, stating 
that it allowed to optimise the bending and torsional properties of the board, by aligning the 
patches along curved paths to obtain the desired properties (Figure 52a). In such a way FPP led 
to a reduction in the weight of the board by two thirds and eliminated material scrap during the 
manufacturing process. Furthermore, Gardiner [76] reported on a similar application of FPP on 
a kitesurfing board (Figure 52b), where the requirements were once more to balance the 
bending and torsional stiffness’s of the board. FPP can also be employed to reinforce locally 











FPP can be considered a discontinuous fibre steering method, as the fibres in the patches 
are straight and there is a discontinuity between the patches. Horn et al. [77] demonstrated that 
these discontinuities can significantly affect the mechanical properties of the final laminate. 
Their extent is determined by the size and thickness of the patches. A tensile specimen 
manufactured with 0.214 mm thick prepreg patches exhibited a reduced tensile strength of up 
to 49% compared to one manufactured with 0.072 mm patches, while a specimen manufactured 
with 60 mm long patches demonstrated a 11.5% higher tensile strength compared to one 




Culliford et al. [78] presented a method named as Discrete Stiffness Tailoring (DST) 
where bi-angle NCF plies were laid by an ATL head. By varying the angle of one of the plies 
in each layer, a discrete variation in the stiffness of the part was achieved. However, a butt joint 
was introduced between two adjacent bi-angle plies, generating a ply discontinuity. The 
motivation behind the development of this method was to produce variable stiffness 
components at high deposition rates, by taking advantage of the ATL technology, as most of 
the current available fibre steering methods have a low production speed.  
 The authors investigated the impact of the butt joint between adjacent plies on the 
mechanical properties (Figure 53). By experimentally testing plates with different stacking 
configurations in compression, it was found that the DST manufactured specimens can increase 
the critical buckling load by up to 16% compared to a quasi-isotropic laminate. However, when 
a) b) c) 
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DST manufactured plates were tested in tension a reduction in the transverse strength (in the 







Uhlig et al. [79] illustrated the working principle of Tailored Fibre Placement (TFP), 
which was invented at the Leibniz-Institut für Polymerforschung. TFP is a preform 
manufacturing method where a tow is placed along straight or curved paths on a 2D surface 
and is fixed on the substrate by a stitching yarn in a zigzag stitch pattern (Figure 54). The 
produced preform is usually impregnated with a resin infusion process. TFP is a fibre steering 
technology as the tows can be placed along curved paths, allowing for the structural 






Crothers et al. [80] published in 1997 one of the first papers which explores the use of 
TFP as a fibre steering technique. This study focused on components with bolt holes and the 
use of TFP to reduce the stress concentrations in the hole area. It was concluded that due to the 
relatively low material deposition rate of TFP, the most productive way to use the process 
would be to locally reinforce a base laminate made of woven plies, in the area of the circular 
hole. The authors performed an optimisation of the fibre path for notched specimens that were 
loaded in tension. It was experimentally shown that TFP could lead to strength improvements 
of up to 55%, while reducing the chance of non-preferred modes of failure, only with a small 
increase in the bearing thickness of the component. It was concluded that the hybrid method 
that was proposed, of using TFP to selectively reinforce a laminate can lead to significant 
improvements in the strength-to-weight ratio of composite structures, while at the same time 
reducing the production cost and time due to a reduction in the raw material usage. It was stated 
that TFP is particularly suited for components with large stress concentrations, such as joints 
and panels with cut-outs, which are often overdesigned, negating the weight saving potential 
of composite structures. 
Koricho et al. [81] presented a more recent study on the benefits of TFP and fibre path 
tailoring to reduce the stress concentrations introduced due to drilled holes. An added benefit 
was that the TFP specimens eliminated the need for drilling the plate and thus removed the 
potential delamination risk. Several curved fibre patterns (Figure 55) were tested 
experimentally in tension and the results showed that the TFP specimens exhibited 243% 
higher strength compared to a unidirectional fibre specimen of the same dimensions, with a 
cut-out. Furthermore, it was observed that the TFP specimen exhibited significantly reduced 






Spickenheuer et al. [82] developed a design tool that allows for the optimisation of the 
fibre paths of a component manufactured with TFP. The authors stated, that one of the 
roadblocks for the more widespread adoption of this technique was the lack of design tools and 
methodologies suited for the unique properties and design space of TFP. To demonstrate the 
capabilities of the design tool, a tensile specimen was optimised, manufactured and tested, 
showing good agreement between the numerical and experimental results. 
Uhlig et al. [83] performed one of the few studies that investigated the design and 
manufacture of an actual component using TFP, by producing a bladed rotor for a 
turbomolecular pump. The design driver for such a component was to maximise the rotational 
frequency, as this could lead to an increased efficiency of the pump. This required a bladed 
rotor of high structural strength. For this application TFP was chosen, as the optimum fibre 
layout required a combination of radial and tangential fibre orientation. Thus, a disk with the 
desired fibre trajectories was manufactured using TFP and was then machined to the final shape 
of the bladed rotor (Figure 56). The experimental results showed that the manufactured rotor 






 Although TFP offers a significant design freedom in terms of the tow path, it also 
introduces significant defects to the laminate. Kim et al. [84] demonstrated this by comparing 
the ideal tow deformation with the actual tow deformation during TFP. Even if the material 
achieved the ideal tow deformation, local buckling of the tow would still occur, as the tow was 
bent to steer its path (Figure 57a). However, in reality there are numerous process-induced 
defects in a TFP part. The tension of the supporting stitching yarn is reduced to prevent the 
out-of-plane buckling of the tows, while the felt of the substrate permits a degree of stitching 
yarn movement. These factors mean that the placed tow is not firmly secured, but can move. 
As the tow is tensioned to allow for its feeding through the machine, it is pulled towards the 
origin of the curvature. The stitching yarns then act as anchor points and amplify the in-plane 






 Furthermore, it was shown experimentally that although the stitching head is 
numerically controlled, the stitching points demonstrate a significant deviation from the 
programmed path (Figure 58). It was also found that an increase in the stitching speed, led to 






Uhlig et al. [79] further investigated the process-induced defects of the TFP. The main 
defects that were investigated were the resin pockets and tow waviness induced by the stitching 
yarn (Figure 59). It was concluded that although these defects lead to localised stress 
concentrations, the ability of TFP to place tows along curved and optimised paths, means that 
the mechanical performance of the produced parts can be higher compared to traditional 








The field of fibre steering is gradually becoming more mature, but it remains purely an 
academic field, as the real-world applications are extremely limited. The benefits of fibre 
steering, in terms of structural efficiency, are clearly demonstrated by multiple analytical and 
experimental studies. Essentially fibre steering expands the overall design space for composites 
and this inevitably leads to optimised designs, beyond the conventional straight fibre designs. 
Most of the current studies focus on representative geometries of current aircraft and spacecraft 
structures, such as cylinders and plates. However, recent studies have emerged which tackle 
the design and manufacturing of more realistic structures, such as a wingbox. To aid the 
industrial adoption of fibre steering it is essential to demonstrate the benefits in real world 
components and thus it is important for the field to move towards this direction.   
Fibre steering emerged through the development of AFP machines and since then there 
have been several methods which enable placement of fibres along curvilinear paths. The focus 
of this review was to outline the manufacturing characteristics of these methods. A summary 
of the key points for each technology, in terms of process maturity, available design space and 




Out of the fibre steering technologies that were reviewed, only three are currently 
commercially available: AFP, TFP and FPP. The bulk of this review focused on fibre steering 
using AFP machines, since there is a large number of studies investigating it, while the advent 
of AFP was what originally gave birth to the field of fibre steering. Furthermore, AFP machines 
are in production at multiple aerospace factories and limited use of fibre steering currently 
takes place to produce parts with complex geometries. Although use of fibre steering with AFP 
machines, to improve the structural efficiency of a component, has not been adopted 
commercially, the capabilities and limitations of these machines are well researched. It is then 
possible to integrate fibre steering capabilities into existing AFP facilities if the design of a 
component dictates it. 
Fibre steering using TFP machines is also an active field of research, with studies 
emerging since the 1990s. TFP is currently used to produce small components (e.g. bicycle 
saddles) and companies exist, which make commercial use of fibre steering to improve the 
structural performance of TFP products (e.g. ShapeTex, UK). 
FPP on the other hand, is a technology that is spearheaded by a single company, Cevotec 
Gmbh, DE. Originally developed by the Airbus Group, it was commercialised by Cevotec, 
which recently released to the market its patch placement systems. At the moment, only 
feasibility studies in the area of sports have been published by Cevotec, but this doesn’t exclude 
commercial use of the technology in other areas. 
Finally, several novel manufacturing technologies were reviewed, which enable 
production of fibre steered components. These technologies remain at a lower development 
level and can be categorised as academic research. This category includes CTS, which is the 
focus of this thesis. The concept and manufacturing capabilities of CTS, as well as its benefits 
in terms of design, have been demonstrated through several studies. However, further research 
is needed, primarily on the CTS manufacturing process, to allow for the industrial adoption of 
this method. This category also includes the 3D printing, Shifting and DST processes. 3D 
printing is a process that has seen widespread commercial use, however its ability to produce 
fibre steered composite structures remains limited and has not been commercially exploited. 
The Shifting method, is a novel process that has been developed in recent years and targets 
primarily the wind blade manufacturing industry. The feasibility of the concept has been 
demonstrated through a lab-based prototype, but further research is needed before development 
of a commercial system can be considered. Finally, the DST process is the newest addition to 
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the group of fibre steering manufacturing technologies. Nonetheless the simple concept, which 
makes use of an ATL machine, means that this technology could be rapidly developed. Still, 
the advantages of this concept need to be clearly demonstrated, as in the one study that was 





The vast majority of the design studies on fibre steering focus on AFP machines and 
thus the manufacturing limitations of AFP machines are well documented in the literature. Due 
to the in-plane bending of the tapes, the MSR is severely limited, with minimum values of 600 
mm, but with several studies citing values well in excess of 1000 mm for 3.175 mm wide tapes. 
The steering angle can reach a maximum value of 90o, while using the shifted path strategy, 
which was employed in all the design studies that were reviewed. The shifted path strategy 
leads to the formation of gaps and overlaps and significant thickness and steering angle 
variations across the laminate. Although these manufacturing characteristics significantly 
constraint the design space available for fibre steered designs, multiple studies clearly 
demonstrate that fibre steering using AFP leads to components of improved structural 
efficiency. Concerning the mechanical properties, there exists a coupling with the steering 
radius. As the radius reduces, the steering process-induced defects will increase, negatively 
affecting the mechanical properties. These are also affected by the tape path definition strategy, 
where it was shown that paths which overlap lead to higher mechanical properties, even when 
weight normalised, compared to paths which lead to the development of gaps. 
The CTS process eliminates all the above process-induced defects, as steering radii as 
low as 50 mm for 8 mm wide tapes have been demonstrated, while maintaining a high quality. 
Furthermore, CTS can realise perfect shifted paths, without introducing gaps or overlaps, while 
the maximum steering angle of 70o is close to the theoretical limit of AFP. The design space 
of CTS is also slightly different compared to that of AFP, as there is a coupling between the 
steering angle and the thickness of the tape. This can further increase the structural efficiency 
of aerospace structures, if exploited properly, as demonstrated by the reviewed studies. CTS 
not only offers improved mechanical properties by allowing defect-free steering of tapes, but 
also it significantly simplifies the design process, by enabling shifted paths without gaps or 
overlaps.  
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The Tape Conditioning method, in theory shares nearly all the advantages of the CTS 
method, as although the mechanism is different, the process still relies on continuous in-plane 
shearing of tapes. One of the disadvantages of Tape Conditioning however is that the accuracy 
of the paths is poor, as the value of the actual steering angle was found to be less than half 
compared to the programmed angle. Furthermore, the process was demonstrated for steering 
angles of up to 11o and it is unclear whether significantly higher steering angles are possible. 
It was also observed that the thickness across the cross-section of the tape varied. These issues 
could be potentially addressed with further development of the technology. In theory, this 
process should be able to realise the perfect shifted path, like CTS, however this needs to be 
validated. Further research is needed to define the manufacturing space of this technology.  
Another technology that relies on in-plane shear deformation is the Shifting method. 
As the machine shears the fabric in discontinuous segments, the design space is severely limited 
compared to the CTS and Tape Conditioning methods. This can have a direct effect on the path 
definition strategy, as in the case that the shifting points of adjacent tapes do not coincide, 
overlaps and gaps between the tapes will form. Furthermore, the process creates zones where 
the fabric is locally bent and areas where the fabric is sheared, meaning that the mechanical 
properties will vary across the length of the laid tapes. It is unclear what the MSR of this process 
is, while the maximum steering angles that were demonstrated were in the range of 10o. The 
steering angle also deviated significantly from the programmed one. Thus, once more, further 
research is needed to define the design space with this process. 
The FPP process uses discontinuous patches to steer the fibre path. The maximum angle 
variation between adjacent patches, as well as the mechanical properties are coupled with the 
patch size. This significantly complicates the design process. The large number of 
discontinuities that is introduced in the final part can detrimentally affect the mechanical 
properties. The same observations apply for the DST method, which relies on the discontinuous 
change of the fibre angle in adjacent plies. 
Concerning TFP, it is a process that in theory has the largest design space of the 
processes under review, as it can offer extremely low steering radii and infinite steering angle. 
However, as demonstrated in several of the reviewed studies, the interaction of the tow with 
the stitching yarn leads to severe defects during the stitching process, such as tow buckling and 
resin pockets. These detrimentally affect the mechanical properties and can complicate the 
design process, as their impact has to be taken into consideration.  
3D printing has in theory a design space similar to that of TFP. However, it was 
demonstrated that sharp changes of fibre direction lead to voids in the produced parts and 
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significant defects. Furthermore, the inherent mechanical properties of the material are an order 
of magnitude lower compared to traditional composites and thus steered parts can be expected 
to have poor structural efficiency. 
Finally, it is important to emphasize that the above observations concern the production 
of 2D components with the methods that were reviewed. From these methods, only AFP and 
FPP machines have the capability to directly place material on 3D moulds. As several of the 
methods are still at an early development stage, it is not possible to determine whether they can 
access 3D capabilities with further development. Furthermore, 2D lay-up doesn’t exclude the 
production of 3D components, as a 2D preform can be turned into a 3D shape using drape 




Concerning the productivity of the different processes that were reviewed, the data is 
not sufficient to draw a conclusion, as most of the studies were undertaken in laboratory 
environments. The processes can be separated in two groups, one where there exists a coupling 
between the process speed and the steering radius and one where no such coupling exists. 
  The processes where the lay-up speed affects the steering capabilities are: AFP/ATL, 
CTS, Shifting and Tape Conditioning. For the case of AFP, numerous studies cite that the 
deposition speed needs to be reduced during lay-up, while a coupling was observed between 
the lay-up speed and the MSR. The lay-up speed during steering is in the range of 200 mm/s.  
For the case of CTS, the lay-up speed is limited due to the in-situ impregnation device. 
This device was removed from the wide tape CTS prototype that was developed to increase the 
lay-up speed. The lay-up speeds that were tested were in the range of 5 mm/s.  
For the case of the Shifting method, the lay-up speed is significantly affected by the 
length of the tape that is gripped between the shearing boundaries. By reducing this length, the 
discontinuous path can approximate closer a curvilinear path, but more shearing steps are 
needed and thus the lay-up speed is lower. The lay-up speed of the prototype that was presented, 
was 30 mm/s, but the authors state that this was limited by the kinematics of the gantry and the 
process speed can be significantly increased in the future. Both the CTS and Shifting processes 
have the advantage that their steering capabilities are not affected by the width of the tape, 
meaning that much wider tapes can be employed to increase the material deposition rate for a 
given lay-up speed.  
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For the Tape Conditioning method, the moving speed of the tape at the feasibility study 
that was undertaken was 100 mm/s. In all the steering methods that rely on in-plane shearing 
(CTS, Shifting, Tape Conditioning) there is a coupling between the lay-up speed and the shear 
rate of the material. Higher lay-up speeds, lead to higher shear rates, which can have a 
significant effect on the quality of the process. This effect has not been addressed in any of the 
studies that were reviewed and further research is needed.  
 The processes, where the lay-up speed is not affected during fibre steering are TFP, 3D 
printing and potentially FPP and DST. In TFP and 3D printing the lay-up speed does not affect 
the steering radius. However, for the case of TFP it was shown that higher lay-up speeds, lead 
to a deviation between the programmed location of the stitch yarns and the actual ones, which 
can affect the accuracy of the process. One of the advantages of TFP is that it can be used as a 
hybrid method, reinforcing a stack of plies only in the necessary areas with the stitching head, 
thus maintaining a high productivity. 
Concerning FPP and DST the steering process will not affect the process speed for a 
fixed patch and ply size. Cevotec claim that their industrial grade system can reach a 
productivity of 15 kg/hr. The authors of the study on DST claim that the process can achieve a 
productivity in the range of ATL machines, or higher, as two plies are stitched together. 
However, from the study that was reviewed on DST it is unclear whether the stitching of the 
bi-angle plies happens off-line or in-situ within the head and how this affects the process. The 
process speed for the FPP and DST processes can be significantly affected by the size of the 




In this review, the manufacturing characteristics of several processes which enable fibre 
steering were presented, while application areas of fibre steering using the different methods 
were outlined. It can be concluded that the fibre steering capabilities of each manufacturing 
method (e.g. MSR, maximum steering angle) are significantly different and are heavily 
influenced by material and process parameters (e.g. prepreg tape tack and lay-up speed). The 
majority of the published studies focus on steering using AFP machines, while the remaining 
methods, perhaps with the exception of TFP and FPP, remain at an early development stage. 
For all the manufacturing processes and in particular for the case of AFP, the design space is 
heavily influenced by their manufacturing characteristics. Significant process-induced defects 
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are developed during fibre steering with AFP machines, while the process of defining the paths, 
which affects the magnitude of the defects, significantly complicates the design process.  
The CTS process was developed to address these manufacturing limitations, as it can 
offer fibre steering without any process-induced defects, while further expanding the design 
space, compared to AFP and simplifying the design process. The biggest advantage of CTS 
however, compared to the existing early development stage processes, is that it is essentially a 
material placement process and besides its fibre steering capabilities, it could offer the same 
capabilities as existing AFP and ATL machines. This means that CTS, by reaching the required 
technological maturity, can be integrated into facilities which are currently using AFP 
machines, at a relatively low cost, compared to completely different processes such as TFP. 
Nonetheless, there are significant challenges to achieve this; the main of which is the 
productivity of the process. The current lay-up speed is orders of magnitude lower compared 
to AFP machines. Furthermore, the presented studies on CTS, demonstrate that the process is 
not compatible with prepreg tapes. Enabling the use of CTS with the materials that are currently 






















The main challenges for the further development of the CTS process are to improve its 
productivity and to enable use with prepreg tapes, which are the material of choice for the 
aerospace industry. To increase the productivity of the process, it has already been attempted 
to employ CTS with wide tapes. In theory, as CTS relies on shear deformation of the tapes, 
their width should not affect the steering capabilities. Nonetheless the results showed that the 
quality of the steered paths using unidirectional fabrics was significantly lower compared to 
the narrow tape CTS machine [22]. In this research, the factors which affect the quality of the 
wide tape CTS process were investigated, to assess whether steered paths of high quality can 
be achieved, to boost the productivity of the process. Furthermore, the use of CTS with prepreg 
tapes was investigated, to assess whether the process can be employed with this material, which 
can expand the application field of CTS and accelerate its industrial uptake. 
During the time that the research presented in this thesis started, there existed two CTS 
prototypes: a) one which used a 8 mm wide tape [21] (Figure 60a, Figure 60b) and one which 








The narrow tape CTS prototype was an evolution of the one presented in [20], where 
the concept of the CTS was initially introduced. It was mounted on the gantry of a ply cutting 
machine and had two degrees of movement freedom. The material format was a single 8 mm 
wide semi-impregnated tape. The impregnation took place within the head, by compressing a 
resin tape onto a dry carbon tape at an elevated temperature. This material format was chosen, 
due to its low shear stiffness, which allowed the fibres to slide and realign during the shear 
deformation, minimising fibre wrinkling (Figure 60d). The exact opposite was observed during 
the shearing of prepreg tape, which due to its high shear stiffness tended to buckle and form 









The shearing mechanism functioned by creating two shearing boundaries. The first was 
created by a compaction shoe which used compressive force to secure the material on the 
surface of the mould. The second was created by pressing the material on the surface of a 
silicone roller to grip it (Figure 62 – pinch device). The material could then be sheared 
continuously by moving the head in the lateral direction (Figure 62b – shifting direction). As 
can be seen from Figure 62b the shearing boundary formed by the compaction shoe needed to 
be able to slide on top of the tape in the lateral direction, along with the movement of the head. 
This was accomplished by making the compaction shoe wider than the width of the tape and 
by reducing the friction between the shoe and the tape, so that the shoe can slide freely on top 
of the material. To achieve this the shoe was made from PTFE and the top surface of the semi-
impregnated tape was kept dry. One of the advantages of the in-situ impregnation device was 
that it gave control on the level of resin penetration, as the compression pressure of the tape 
and resin tape could be adjusted so that the top surface of the tape remained dry (Figure 61c). 
However, the disadvantage was that the lay-up speed was limited by the maximum speed of 
the tape impregnation module, which was in the range of 5 mm/s and orders of magnitude 














The concept of the wide tape CTS was first presented in [22], under the name 
Continuous Multi-Tow Shearing. Although the research presented in this thesis is a direct 
continuation of that work, it was decided to keep the Continuous Tow Shearing name for the 
wide tape CTS prototype, to simplify the naming, as the core technology for the narrow and 
wide tape heads is the same. In theory, since CTS relies on the shear deformation of the 
material, the width of the tapes should not affect the steering quality and performance. This 
could overcome one of the main limitations of modern placement machines, in terms of their 
steering capabilities, which is the coupling between the MSR and the tape width. To allow for 
higher lay-up speeds, the impregnation stage was removed and the resin tape was simply 
attached to the bottom surface of the carbon tape. This was not possible in the case of the 
narrow tape prototype, as the fibres within the dry tape were unconstrained in the through-
thickness direction. Then the sliding motion of the compaction shoe would cause the out-of-
plane shear deformation of the tape and thus fibre splitting (Figure 63a). However, as the wide 










Although this method successfully laid up the unidirectional dry woven fabric tape, 
extensive localised buckling of individual tows, within the tape, was observed on the steered 
preform (Figure 64). It was noted that this was probably due to the heavy sizing, which made 
the tows stiff and caused them to bend rather than shear. To investigate further, the sizing was 
broken by winding the fabric on a roller with a small radius, making the tows more flexible. 
The quality was improved (Figure 64b), but the tows were still bent at certain locations, due to 
the stitching yarns which acted as support points, promoting buckling of the tows. It was 
concluded that the wide tape CTS head would be more suitable to applications which prioritise 





To further investigate the use of CTS with wide tapes an evolution of the wide tape 
CTS prototype presented in [22] was developed. The aim was to create a test bed to evaluate 
the performance of different material formats, but also to study the effect of process parameters 
on the quality of the process and further develop the CTS technology. The behaviour of 




of the project, as the studies on the shear behaviour of unidirectional tapes are limited, but also 
as the CTS technology imposes a unique set of boundary conditions on the tape. In this 
research, both unidirectional dry fabric and prepreg tapes were being considered as potential 
materials for use with the wide tape CTS prototype.  
The in-plane shear behaviour of the tape is one of the most important factors that 
influence the lay-up quality of the CTS process. The ideal form of shear deformation would be 
one which permits the rearrangement and sliding of individual fibres within the tows (Figure 
65 - intra tow shear). In theory, during pure intra tow shear individual fibres will bend at the 
shearing boundary and no fibre wrinkling or buckling will occur. In the case where fibre 
slippage is not possible due to material constraints (e.g. heavily sized tows) then tow slippage 
will occur within the tape (Figure 65 - inter tow shear). This means that each tow, instead of 
each fibre, bends at the shearing boundary and thus local buckling will occur at the tow level. 
This was observed in [22], during shearing of 100 mm wide tapes with the first wide tape CTS 
prototype (Figure 64). If tow slippage is not possible due to material constraints (e.g. high shear 
stiffness of a prepreg tape) then the tape will deform through shear buckling and wrinkling. 












Intra tow shear 
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The hypothesis of this research is that both during inter tow shear and during shear 
buckling of the tapes, defects develop due to the generation of in-plane compressive stresses. 
Thus, by applying tension along the fibre direction the effect of these compressive stresses 
could be eliminated or minimised. This would permit use of the CTS process with prepreg 
tapes, which was not possible before [20], but also would improve the quality of dry fabric 
preforms. To validate this hypothesis a tape feed system was developed that permitted control 





The wide tape CTS prototype that was developed can be seen in Figure 66. The head 
was integrated into a 4 axis CNC gantry for lay-up trials. In this section, the various systems 
that make up the head and the reasoning behind their development are presented. As the aim 
of this research was to create a prototype that can achieve fibre steering of high quality, it was 
necessary to define the parameters which have a significant effect on the shear behaviour of a 
material and design the wide tape CTS prototype accordingly. The focus of this chapter is to 
outline the overall system configuration, rather than provide detailed technical specifications 















The head module was designed to lay-up 100 mm wide unidirectional dry fabric and 
prepreg tapes. As can be seen from Figure 66, the head is split into two separate units; the lay-
up unit, which houses the shearing mechanism and tape feed system and the creel unit, which 
houses the carbon, resin and release paper tape creels. The reason for this separation was 
twofold. Firstly, the weight of the creel unit does not affect the compaction pressure distribution 
of the tape on the surface of the mould. Secondly it creates a flexible system, as the lay-up unit 
can be modified without affecting the creel unit [1]. In the following sections, the main 




The shearing mechanism (Figure 67a) is essentially an elongated version of the one 
presented in [20], a concept which stayed the same in [21], [22]. An important difference is 
that in this wide tape CTS prototype, the activation and movement of the pinch plate is 
controlled by pneumatic cylinders (Figure 67b), which allow for more accurate control of the 
gripping pressure between the roller and the pinch plate. Furthermore, this setup allowed for 







The compressive force required by the compaction shoe is provided by two guided 
pneumatic cylinders (Figure 66), which press the whole lay-up unit on the surface of the mould. 
Their combined force output reaches up to 982 N [1] and encompasses the typical force 
required for the lay-up of 100 mm wide tape with an ATL machine, which is in the range of 
550 N [11]. The compaction force of an ATL machine was taken as a benchmark, as the current 
CTS prototype was intended for use with commercial prepreg and dry fabric tapes, which have 
similar thickness and deformability properties as the tapes employed by ATL machines (eg 












One of the design requirements for the shearing mechanism was to minimise the 
distance between the shearing boundaries, which currently has a value of 3.2 mm. The shear 
resistance of the material, depends on the friction generated during the rearrangement of fibres 
and thus on the effective length of contact between the fibres [85]. It then increases as the 
distance between the shearing boundaries increases. A higher internal friction can increase the 
shear stiffness of the material and inhibit the rearrangement of the fibres during the shear 
deformation. The design of the shearing mechanism imposes several requirements in terms of 
the compatible material formats: 
- The coefficient of friction between the compaction shoe and tape needs to be 
minimised, to allow the sliding of the compaction shoe on the tape. 
- The fibres within the tape need to be constrained in the through-thickness direction to 
prevent fibre splitting during the sliding motion of the shoe. 
- The bottom surface of the tape needs high tack so that it can adhere to the mould surface. 
- The tape needs to exhibit a low shear stiffness and allow for the rearrangement of the 
tows and fibres, to prevent shear buckling and the generation of defects. 
These requirements are all satisfied by the combination of a unidirectional dry fabric 
tape with an attached resin tape [22]. However, two of these requirements are not satisfied by 
prepreg tapes, as the top surface of the tape is tacky and the shear stiffness of the material is 
high, leading to shear buckling during the steering process [20].  
To reduce the tack of the prepreg tape, phenoxy powder was spread on the surface of 
the tape, a process which is described in greater detail in Section 5.2.1. The shear stiffness of 
the prepreg tape is highly affected by temperature, due to the viscoelastic nature of the material 
[86]. To control the temperature of the prepreg tape prior to the shearing stage, a hot air blower 
was placed in front of the shearing mechanism (Figure 68a), offering control over the 
temperature and flow rate of the hot air. The surface temperature of the prepreg tape was 
monitored with a miniature infrared thermal camera installed within the head, aiming at a point 
prior to the shearing mechanism and the measurement was output to a monitor (Figure 68b). 
In Figure 68b the prepreg tape appears as bright red and yellow stripes. These stripes appear as 
lines were drawn on the surface of the tapes, to illustrate the strain uniformity of the shear 
deformation, which will be explained in Chapter 5. The yellow stripes appear in the infrared 
image, as they affect the reflective properties of the tape and thus they were removed from the 
measurements.  The experimental procedure that is described in Chapter 5 required lay-up tests 
at different tape temperatures and speeds. Thus, several trials were performed to adjust the 








The paths of the carbon, resin and release paper tapes when the head is used with 
unidirectional dry fabric tapes, can be seen in Figure 69. The carbon and resin tapes are stored 
in separate creels and are compressed together by the compaction rollers (Figure 69). The 
compaction rollers are pneumatically activated to allow for accurate control of the compaction 
pressure and to accommodate materials of different thicknesses. The release paper is separated 
from the tape at the tip of the pinch device, as the material enters the shearing mechanism. The 
release paper is then pulled by a set of take-up rollers, which are powered by a geared DC 
motor and it is then rewound on a creel which is powered by a separate low power DC motor 
coupled to a clutch. The reason that the release paper was not directly stored in a creel, but is 
being pulled by the rollers, is that as the paper accumulates on a creel, its diameter changes, 
affecting the pulling force of the tape. A feedback loop would then be needed to compensate 
for this, by adjusting the torque of the motor. Such systems add complexity and introduce noise 
in the torque output, thus it was avoided. On the contrary, the paper take-up rollers maintain a 
fixed diameter and thus do not alter the pulling force provided by the motor.  
The configuration of the head can be easily changed to accommodate different material 
formats. The attachment of the resin tape to the carbon tape can take place outside the head and 
the combined material can be stored in a single creel within the head. Although in such a way 
an extra step is needed, the advantage is that the material path can be simplified and it becomes 
a) b) 
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less complicated to adjust the tension at different parts of the tape path. The same configuration 
is employed when the CTS head is used with prepreg tapes, as a single creel is needed and the 
resin creel is removed. 
Another way that the head can be operated is by laying up only the dry fabric carbon 
tape, without attaching a resin tape. This means that the carbon tape is directly pulled by the 
head motion through the shearing mechanism and thus the resin tape creel, the compaction 
rollers and the whole paper take-up and storing system are not needed, dramatically simplifying 
the layout of the head. To make the carbon tape adhere to the surface of the mould, adhesive 
binder needs to be sprayed on the surface of the mould prior to deposition. Although the 
advantage of this operation mode is clear, there are limitations concerning the maximum shear 





In the previously developed narrow tape CTS prototype [21], to power the tape feed 
system, the release paper take-up speed was precisely synchronised with the tape feed speed 
and thus with the head moving speed. The speed control loop was made possible by adding an 
encoder which measured the tape feed speed and then through a controller the motor speed was 
adjusted accordingly. This active system is very different to the passive tape feed system of 
modern placement machines, where the material is fed due to the movement of the head and 
the feeding speed is adjusted passively. The wide tape CTS prototype which is presented in 






system proved unreliable. This was due to the response time of the feedback loop, which 
depends on the power of the motor and the tuning of the PID values. Such a system was found 
to be very sensitive to small variations during lay-up and thus very difficult to tune. 
Furthermore, a speed control system doesn’t allow to adjust the tension of the tape while 
shearing, which is needed to test the main hypothesis of this research, that increased tape 
tension can improve the steering quality of the CTS process. Thus, the requirements for the 
tape feed system of the wide tape CTS prototype were to achieve a reliable operation and to 




To apply tension to the tape during shearing, a tape feed mechanism was developed 
where a specific tension profile can be selected prior to lay-up. The system can work in two 
modes of operation, which were named passive and semi-passive mode. 
In the passive mode, the head operates in a similar way to modern AFP/ATL machines, 
as the force required to feed the tape through the head is provided by the movement of the head. 
This means that as the material is attached on the surface of the mould, the movement of the 
placement head starts pulling the already placed tape. Excessive pulling force could lead to 
debonding of the already laid tape from the mould, especially on concave surfaces, which is 
why modern placement systems minimise the tension of the tape. 
To illustrate this and the rest of the operation modes a schematic representation of the 
pinch device is drawn (Figure 70). The forces which act on the UD fabric or prepreg tape, at 
the gripping point of the pinch device (the edge of the pinch plate) were analysed. The forces 
applied to the tape as it passes through the head are complex and include many frictional 
interactions. In this thesis only a simplified analysis of the forces is presented, to illustrate how 
these can affect the shear behaviour of the material and the operation of the CTS head. 
In the case of the passive mode, in a lay-up along a straight line, there are only two 
forces acting on the tape (Figure 70 c,d): a force Tl which resists the feed of the tape, which is 
the sum of all the frictional forces which act on the tape as it passes through the head (due to 
creel resistance, material guide plates etc) and a force P which is provided by the gantry, which 
moves the head along the programmed path. Furthermore, P represents the tension that is 





















When these forces are equal a constant feed speed is achieved: 
 
 m = Rn (3.1) 
 
During steering with the passive mode, the head shears the tape, meaning that the two 





























identical to the shear angle. This force has components in longitudinal po and transverse pZ 
directions. As the frictional force Uo, which resists the feed of the tape, remains constant 
regardless of shear angle, then: 
 
 mn = Rn (3.2) 
 
This result means that as the shear angle increases, the magnitude of P and subsequently 
the magnitude of pZ increase as well: 
 
 mX = mn 	∗ 	X^Wf (3.3) 
 
The main function of the pinch device is to counteract pZ by providing a frictional force UZ to 
lock the position of the tape at the edge of the pinch plate during the steering process. This 
force is generated as the pinch plate presses the material on the surface of the silicone roller. If 
pZ remains smaller than the maximum friction force UZ,stu that the pinch device can generate, 
then the tape does not slip sideways. This consideration effectively constitutes the no-slip 
condition: 
 
 mX 	≤ RX,]^_ (3.4) 
 
If the tape starts to slip, even slightly, then the tape path does not accurately follow the 
programmed path and eventually the tape crushes to the side of the head, jamming its feed.  
Then the limiting factor for the passive mode is that the shear angle can increase only 
as high as the no slip condition can be maintained. Experimentally, the limit with the current 
prototype was found to be in the region of 30o of shear angle. Furthermore, a secondary 
limitation is that the only way to control the tension of the tape is to adjust the force Uo by either 








The advantage of the passive mode, is that the feed of the tape can occur without a 
motor pulling the release paper, as it is powered by the movement of the head. During this 
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operation mode and while laying up dry fabric tapes, it is not necessary to attach a resin tape 
to the carbon tape. To make the tape adhere to the mould, the mould surface could be sprayed 





On the other hand, the semi-passive mode does not have this limitation, but it requires 
an additional mechanism which pulls the release paper. In this operation mode, an additional 
force ps is provided by a DC motor, which rotates the paper take-up rollers (Figure 69), which 
pull the release paper and assist the feed of the tape. The pulling force of the motor is acting 
on the release paper, which is still attached to the carbon tape at the edge of the pinch device. 
By adjusting the current of the motor, the torque acting on the paper take-up rollers and thus 
the tape pulling force can be actively controlled. By introducing ps the force provided by the 
head movement can be reduced. 
During straight line lay-up (Figure 72a): 
 
 Rn = m + m] (3.6) 
 
During steering (Figure 72b): 
 





po  p 
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Since Py can be actively controlled, it can be regulated so that the no-slip condition (Equation 
3.4) is always maintained and thus the maximum steering angle can be increased: 
 
 mX = (Rn 	−	m])X^Wf (3.8) 
 
 
Furthermore, another advantage of this mechanism is that by regulating ps, the tension of the 
fibres during shearing can be adjusted. The tension that the prepreg tape experiences during 








Finally, in the semi-passive mode the feed speed of the tape is adjusted passively and 
therefore matches the moving speed of the head, ensuring a reliable and easy to adjust system. 
The reason that this mode of operation is referred to as semi-passive is that it includes an active 
control element (ps) and a passive one (po). The semi-passive mode can be used only with 
prepreg tapes, or dry fabric tapes with an attached resin tape, as the tape pulling force needs to 











    
Figure	72.	Schematic	representation	of	the	CTS	mechanism,	including	the	forces	which	act	on	the	tape	segment	that	is	
between	the	shearing	boundaries,	with	the	semi-passive	mode	during:	a)	straight	line	lay-up,	b)	steering.	
Since at the current developmental stage of the head the force ps could be set only to a 
fixed value by adjusting the current that drives the motor, there was no ability to adjust the 
fibre tension during the lay-up. This means that a pre-set level of tension can be programmed, 
which increases as the shear angle increases (Equation 3.9). As the frictional forces which resist 
the feed of the tape change depending on the feed speed and as they are difficult to estimate 
accurately, the tension of the tape was measured experimentally under different conditions. 




To calibrate the tension control of the tape feed system, the tape was gripped to a fixture 
connected to a load cell and the force was measured while the head was moving in a straight 
line (Figure 73). The tape was not in contact with a mould surface, in order not to affect the 
tension measurement. A prepreg tape was used for the trials. To lock the position of the tape 
on the fixture, it was wrapped over a metal plate and was then compressed on the plate of the 
fixture with bolts. Before each measurement, to make sure that the initial tension in the tape 
was uniform and prevent significant misalignments, the bolts were initially only slightly 
tightened and then the head was moved in a straight line to pull and straighten the tape. The 
















The experiment was repeated for different head speeds (2 mm/s increments) and 
different motor current levels (50 mA increments on a Maxon DC geared motor) to measure 
the tension applied to the tape. The head was operated for 20 seconds for each experiment and 
the load was monitored at 0.01 second increments to obtain sufficient data. After removing the 
first 3 seconds of data, to remove the noise that was introduced due to the inertia of the tape 
feed system, the average tension and its standard deviation were calculated. These values are 
plotted in Figure 74. The bullets represent the average measurement value, while the error bars 
represent the standard deviation of the measurement. The deviation from the average value can 
reach up to 7 N in some cases. Although this deviation introduces a slight uncertainty in the 
value of the tension, the control of the tension was adequate to assess the effect of the tape 
tension on the quality of the CTS process. A slight overlapping of the tension values was 
observed for the measurements performed in the range of 450 mA – 550 mA of motor current. 
This result could be attributed to a slight slippage of the release paper on the take-up rollers as 
the pulling force increased.  
During steering, the tension is proportional to the material shear angle (Equation 3.9). 
However, this presupposes that the tape does not slip. If the tape slips, then the tension is lower 





than expected. To avoid confusion the tape tension levels will be referred to as “x N of initial 








The head was mounted on a commercially available CNC gantry system (Figure 75) 




 The controller for the stepper motors of the gantry is housed on a cabinet and it is 
controlled through the MACH3 software, using G code commands, which are commonly used 



























 The electronics of the head were placed on the gantry close to the head unit. The main 
DC motor on the head was controlled via a controller and a software provided by Maxon 
Motors, while for the magnetic brakes which were located on each of the carbon and resin 
creels a bespoke current controller was designed and built. To control the pneumatic cylinders 
of the head, a set of solenoid valves were employed, which were interfaced through a micro-
controller. To operate the functions of the head, M code commands were used, which are 
normally used to control secondary functions of milling machines, such as spindle rpm and 




A wide tape CTS prototype was designed and manufactured to assess the effect of 
process and material parameters on the quality of the CTS process. To achieve this, critical 
process parameters of the head prototype, such as the compaction pressure and pinch device 
pressure, have been made adjustable. The prototype used 100 mm wide unidirectional dry 
fabric and prepreg tapes. The dry fabric tapes were placed on the surface of the mould, either 
via an attached resin tape or via sprayed binder. To allow for heating of the prepreg tapes, to 
reduce their shear stiffness a tape heating system was installed. Furthermore, the top surface of 
the prepreg tapes was modified by spreading phenoxy powder to reduce the tack and enable 
use with the shearing mechanism.  
Aside from the overall refinement of the design of a placement machine that employs 
the CTS concept, the main contribution of this research to the advancement of the CTS 
technology was the development of a tape feed system, which allows for control of the tape 
tension and passive adjustment of the feed speed, to ensure reliable operation. This system 
allows to experimentally investigate the effect of the tape tension on the quality of the laid 
paths and test the hypothesis that increased tape tension can lead to improved quality. The 
integrations of the shearing stage during the feed of the tape, imposes several challenges, as 
the gripping force at the shearing boundaries needs to be high enough to ensure that the tape 
doesn’t slip laterally, while the tension of the tape at the shearing stage is coupled with the 
shear angle. 
Existing tape feed systems, employed by tape placement machines aim to minimise the 
tension of the tape as it travels from the creel to the deposition point. If a shearing stage was to 
be placed in such a tape feed system, then a substantial force that resists the feed of the tape 
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would be introduced due to the gripping of the tape that occurs at the shearing boundaries. As 
the shear angle increased, the increase in the tension of the tape would cause the tape to slip 
from the shearing boundaries. Thus, the maximum shear angle of such systems is limited. 
Furthermore, in such a tape feed system the tension cannot be controlled independently of the 
shear angle and of the gripping force at the shearing boundaries. 
 The concept of CTS was originally developed with an active tape feed system, where 
the feed speed of the tape is measured through sensors and then it is synchronised with the tape 
laying / head moving speed. The speed control leads to minimal or no tension. In such a way, 
higher shear angles can be achieved without the tape slipping from the shearing boundaries. 
Nonetheless, such a system has no control over the tension of the tape during shearing and 
cannot increase the tension during the shearing of the tape. Furthermore, such a system is 
difficult to tune (PID controller) and even short increases in the response time can lead to tape 
breakage and unsuccessful layup. 
 The tape feed system described in this research uses a simple model to predict the 
tension of the tape at the shearing gap (Equation 3.9) and can actively control the tension of 
the tape during shearing, independently of process parameters such as shear angle. The feed 
speed is matched passively with the tape laying speed, ensuring a reliable and easy to tune 
system, that can operate effectively in a tape laying machine. Furthermore, the combined shear 
and tensile loading of the tape allows high quality shearing of materials with high shear 
stiffness (explained in detail in Chapter 5), such as prepreg tapes, which was not possible with 
the CTS concept. 
 The presented prototype can be further improved by increasing the diameter of the 
pneumatic cylinders that activate the pinch device, to increase its gripping force and the 
diameter of the paper take-up rollers, to allow for higher paper pulling forces. More importantly 
however, load cells that measure the tape tension could be installed on the tape path, prior to 
the shearing mechanism and prior to the paper take-up rollers. This will enable a more accurate 
control of the tape tension and constant adjustment of the motor torque during the lay-up, which 











 This chapter focuses on the use of the CTS process with dry unidirectional carbon tapes. 
Different types of dry tapes were tested and their effect on the quality of the steering process 
was assessed. Nearly all dry unidirectional reinforcements need a supporting structure to 
maintain the material integrity. Depending on the supporting structure, unidirectional dry tapes 
come in two main forms; unidirectional non-crimp fabric (NCF) or unidirectional woven fabric 
(Figure 76). In a unidirectional NCF tape, the tows have no crimp and the integrity of the tape 
is maintained either by attaching a thermoplastic veil or web, or through stitching. On the other 
hand, a unidirectional woven fabric tape, is a heavily unbalanced woven fabric, where the weft 
yarns are used to maintain the integrity of the tape and thus the tows are slightly crimped.  
Concerning the shear characteristics of unidirectional dry materials, a small number of 
published studies exists in the literature, in contrast with woven and multiaxial non-crimp 
fabric materials. The latter have been extensively used in manual lay-up and forming processes. 
Since their forming characteristics rely heavily on their shear behaviour, shear characterisation 
of woven fabrics and multiaxial NCFs became an active field of research. Nonetheless, the use 
of unidirectional materials in forming applications offers an attractive alternative due to their 





Most of the studies related to the shear behaviour of unidirectional tapes focus on 
stitched NCF materials. The main material parameters which affect the shear behaviour of UD-
front / back side front side back side 
5 mm 
warp yarn weft yarn 
a) b) 
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NCFs were summarised by Senner et al. [89] (Figure 77). To experimentally study the shear 
behaviour, either the picture frame or the bias extension test were used. A detailed analysis on 





Concerning the picture frame experiments, Senner et al. [89] demonstrated that the 
stitch pattern can have a significant effect on the shear force that is required to deform the 
fabric. To assess its effect on the shear resistance, picture frame experiments were performed, 
where the stitch yarn was removed from the specimens, leading to a negligible shear resistance 
(less than 5% of the original stiffness). Schirmaier et al. [88] showed that as the shear angle 
increased, the gap between the carbon tows decreased (Figure 78b) and once it diminished the 
fabric developed out-of-plane buckling to deform further (Figure 78a). As shown in Figure 
78c-d, it was also found that a woven fabric (plain weave) with the same fibre areal weight 













 In the case of the bias-extension test, Schirmaier et al. [88] observed that the lines of an 
original un-deformed sample (Figure 79a) became highly and unevenly distorted during the 
test (Figure 79b), indicating that the material does not experience a pure shear deformation. It 
was concluded that since pure shear is not the intrinsic deformation mode of UD NCFs, the 
results from picture frame and bias extension tests cannot be compared. Furthermore, the 
equations which are normally employed to calculate the shear force and angle for woven fabrics 
cannot be applied for the case of UD NCFs. The same conclusion was made by Frank et al. 
[85], where it was shown that the common geometrical derived formulas for the calculation of 
the shear angle during the bias extension test [90], are not valid for UD NCFs, due to the 
stretching of the support yarns. Furthermore Schirmaier et al. [88] stated that shear-locking, as 
is known from woven fabrics, does not occur for NCF fabrics, as when the tows come into 






the picture frame and bias extension tests are not suitable to characterize the shear deformation 





 From the results presented in these studies, it is evident that although stitched NCF 
tapes exhibit a relatively low shear stiffness (compared to woven fabrics), they develop 
significant defects during their shear deformation, such as in-plane wrinkling and out-of-plane 
waviness. NCF tapes are also not readily available in the market for widths lower than 600 mm 
and for these reasons they were not included in this study. Furthermore, UD NCF tapes which 
have a supporting veil or mesh were not examined for two reasons. Firstly, such materials do 
not have a structure to prevent the out-of-plane shear deformation and thus fibre splitting that 
occurs as the compaction shoe slides on top of the tape. Secondly, as the mesh or veil is a fixed 
structure, they are expected to show significant resistance to shear deformation, leading to 
defects such as fibre wrinkling and waviness.  
In this study, only UD woven tapes were considered. This type of UD material has not 
been extensively studied in the literature. However, it can be expected that its shear behaviour 
will have similarities to that of a woven material, as it can be considered an unbalanced woven 
fabric tape.  
Furthermore, it was shown by Harrison et al. [91] that applying tension while shearing 
a woven fabric can significantly affect its behaviour. A rig was developed where in-plane 
tension could be applied on a plain weave fabric during bias extension testing (Figure 80a). By 
a) b) 
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increasing the in-plane tension, it was observed that the shear angle at the onset of wrinkling 
could be doubled, but at the same time the force required to shear the material increased by an 







To study the shear-tension coupling of woven fabrics under membrane tension, 
Nosrat-Nezami et al [92] developed a hybrid picture frame test. The rig could apply tensile 
load on each axis (parallel to the arms of the frame) individually, through pneumatic 







In woven fabrics, an increase in the tension of the weft and/or the warp yarns, will 
affect the frictional interaction between the two and will lead to higher out-of-plane forces at 
their intersection. It was shown that the relationship between the magnitude of membrane 
tension and the required shear force is non-linear (Figure 82), which was attributed to a 
change in the friction coefficient at the cross-over points of the yarns as the shear angle 







The overall aim of the study by Nosrat-Nezami et al, was to provide insights on the 
preforming processes of woven fabrics. When forming such fabrics on doubly curved 
moulds, it is common to apply in-plane membrane tension, to delay the onset of wrinkling. 
 This was also demonstrated in the reasearch of Guzman-Maldonado et al. [93], who 
investigated the use of a blank-holder during hemisphere forming of fabrics (Figure 83). 
Tension is generated in the fabric yarns, due to the friction between the fabric and the holder 
and is proportional to the pressure applied by the holder. It was shown that the use of the 
blank holder can imporve the forming behaviour of woven fabrics. Nonetheless, it will not 
always reduce the magnitude of wrinkling, as the tensioning of the fabric is affected by the 
orientation of the preform layers, leading to complex friction interactions between the layers 








Seok Lee et al [94] performed a study on the influence of the pressure applied by a 
blank holder during forming of an NCF with chain stitches. The NCF exhibits an assymetric 
shear behaviour during the forming operation, due to the stitches. Nonetheless an increase in 
the compressive load of the blank-holder led to an increasingly symmetric behaviour, while 
also reducing in-plane and out-of-plane buckling. It was concluded that most of the defects 
that develop during forming arise due to compressive stresses in the yarn direction.  
The above studies demonstrate that the application of in-plane membrane tensile load 
during shearing of NCF and woven fabrics can delay the onset of wrinkling and reduce the 
overall in-plane and out-of-plane buckling. A similar behaviour was expected from the UD 
fabric tapes used in the CTS process, which was the reason that a tape feed system which can 
control the tape tension was developed, to improve the quality of the process.  
 Furthermore, as demonstrated through the studies that were reviewed in this section, 
the picture frame and bias extension tests are not suitable for the characterisation of the shear 
response of unidirectional fabrics. A further complication, related to CTS, is that the distance 
between the shearing boundaries of the wide tape CTS prototype is 3.2 mm, which is at least 
an order of magnitude smaller compared to the possible boundary distances of the traditional 
shear tests. Thus, it was decided to characterise directly the quality of the preforms produced 
with the wide tape CTS prototype and not perform picture frame and bias extension tests. Lay-
up trials were performed using different material and process parameters and their effect on the 
quality of the process was assessed. As the CTS process imposes unique constraints on the 
material during the layup, this study was essential to gain an understanding on how the material 






A series of experiments was conducted to investigate the effect of material and process 
parameters on the quality that can be achieved with the process, while emphasis was placed on 




Dry UD woven fabric materials can be categorised in terms of two aspects: one related 
to the UD fibre structure (carbon tow count and shape, areal weight, etc.) and one related to the 
supporting weft yarn structure (weft yarn pitch, material type, etc.). To assess the effect of each 
category, fabrics were selected where such parameters are significantly different (Table 1 – 
Materials A, B, C). 
Concerning the primary UD structure (warp tows), Materials A and B had both 12K 
tows, while Material C has 6K tows. The widths of the tows were approximately 3.7 mm, 2.4 
mm and 2 mm for Materials A, B and C, respectively. The aspect ratio of the tows was 
significantly different for each material. Concerning the supporting weft yarns, Material A had 
a thermoplastic fusible weft yarn which was melted during the manufacturing process and was 
locked at the cross-over points with the carbon tows, while Materials B and C had a fibreglass 
weft yarn which could slide freely at the cross-over points. Furthermore, both Materials A and 
B had a weft yarn pitch of 13 mm, while Material C had a pitch of 6 mm. It was also evident 
that the size of the gaps between the tows differed significantly for each material. 
The width of the tape for all the materials was 100 mm. Material A was cut to this 
dimension from a 500 mm wide roll, while Materials B and C were supplied as 100 mm wide 
tapes. A B-staged epoxy resin film with an areal weight of 77 g/m2 (MTM49, Cytec, US) was 
attached to the bottom of the carbon tapes prior to loading the material on the creel of the head. 
Supplying the resin tape using a separate creel was avoided to allow for more accurate control 
of the tape tension.  
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Table 1. Material characteristics of selected UD tapes. 
 Material A Material B Material C 
Image (30 mm x 20 mm) 
 
   
Manufacturer  Cristex Cristex  Cristex 
Commercial name GV200 U TFX TCU 340 TCU 200  
Areal weight (g/!") 218 340 200 
Weave Plain Plain Plain 
Laminate thickness (mm) 
40% fibre volume fraction 
0.2 0.32 0.18 
Warp tow count / 100 mm 27 41 51 
 Warp Weft Warp Weft Warp Weft 




12K Carbon fibre Glass fibre 6K Carbon fibre Glass fibre  




The shearing mechanism of the CTS process deforms the material both in in-plane shear 
and out-of-plane compression, as the tapes are compressed by the compaction shoe on the 
surface of the mould. However, as the focus of this study was the shear behaviour of the 
material, the compressive pressure of the compaction shoe was fixed to a value of 260 kPa. This 
value was determined experimentally by performing lay-up tests. The effect of the shear angle, 
tension level and steering radius were evaluated, to understand how the process parameters can 
affect the quality of the produced preforms. All the test parameters were summarised in Table 
2. A separate table is also placed in each section of the results, describing the parameters of 
each experiment. The lay-up speed, average temperature and compaction force are omitted 



















50 40° 6 0.7 24 (room) 260 
100 40° 6 0.1, 0.4, 0.7, 1.0 24 (room) 260 
200 40° 6 0.7 24 (room) 260 
200 60° 6 1.0 24 (room) 260 
 
To assess the limit of the shear angle for each material, a path was laid with a high 
shear angle of 60o and a relatively low steering radius of 200 mm (Figure 84a). The path was 
laid at a speed of 6 mm/s and at room temperature. As the tape tension affects the lateral force 
which causes the tape to slip (Section 3.2.3.1), an initial tape tension level of 0.1 N/mm, which 
was the lowest possible, was chosen to prevent the sideways slippage of the tape. The speed 
for all the trials was kept at a low level of 6 mm/s, to provide a direct comparison with the 
steering quality obtained for prepreg tapes presented in Chapter 5. The speed for the prepreg 
tape layup experiments was kept at 6 mm/s, as this was the maximum speed where the 
prototype could maintain the required tape temperature.   
To assess the effect of tension, the maximum shear angle was limited to 40o, to 
minimise tape slippage and allow the use of higher initial tension levels for comparison 
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purposes. By reducing the maximum shear angle, the force that causes the slippage of the tape 
was reduced as well. At 60o of shear angle the lateral force that causes the slippage of the tape 
is 1.73 times the initial tape tension, while at 40o of shear angle it is only 0.83 times the initial 
tape tension (Equation 3.8 – Section 3.2.3.1). A steering angle of 40o gives plenty of flexibility 
for fibre steered designs, as most of the studies reviewed in Chapter 2 rarely exceed a steering 
angle of 30o. Initial tension levels were in the range between 0.1 N/mm and 1 N/mm. The 
maximum tension was limited to 1 N/mm, as the deviation of the laid paths from the 
programmed paths increased significantly for higher tension levels. This was due to an increase 
in the lateral force that causes slippage of the tape (Equation 3.8 – Section 3.2.3.1). The paths 
had a fixed steering radius of 100 mm (Figure 84b) and were laid at 6 mm/s and at room 
temperature. At the inflection point of the paths the shifting direction changes, to test the 
response of the process to such changes. A radius of 100 mm was chosen as it was low enough 
to demonstrate the benefits of the CTS process, while allowing for a small preform area, 
reducing the required processing resources for the image analysis. 
Furthermore, as the most common measure of steering performance of a material 
placement machine is its MSR, it was essential to assess its effect on the quality of the process. 
Thus, tapes were laid at steering radii of 50 mm, 100 mm and 200 mm (Figure 84b). The 
maximum steering angle was 40o, while the lay-up speed was 6 mm/s, the initial tape tension 
was 0.7 N/mm and the temperature was at room level. This level of tape tension was chosen, 





 Finally, to investigate the quality of a cured laminate, an 8 layer plate was produced 
with a stacking sequence of  [0±< 0|40 >])*, using an 100 mm radius path, with an angle 
variation from 0o to 40o (Figure 84b – 100 mm radius) and its symmetric. The notation of the 
a) b) 
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steered path that is used was introduced by Gürdal and Olmedo [95]. Each ply was constructed 
by laying two 100 mm wide tapes adjacently and a 200 mm wide plate was then produced by 
sectioning the preform according to Figure 85. To obtain a laminate with a theoretical fibre 
volume fraction of approximately 55%, two layers of the 77 gsm resin tape were attached to 
the Material A and Material C tapes, while 3 layers to the tapes of Material B. To estimate the 
volume fractions it was assumed that the fibre density was 1.25 g/cm3 and the resin density 
was 1.12 g/cm3. To produce the final laminate, the stacked plies were vacuum bagged and then 
cured in an autoclave oven at 135oC for 90 minutes and at a pressure of 6.2 bars (curing cycle 
for MTM-49 resin recommended by the manufacturer). During the vacuum bagging process a 
4 mm thick silicone rubber sheet was placed on the stacked plies to prevent print-through from 







To analyse the quality of the dry fabric samples that were produced with the CTS 
process, the term ‘quality’ must first be defined. As outlined in Chapter 1, a high quality 
laminate: a) can achieve the maximum mechanical properties related to its constituents and b) 
can be repeatedly produced with the intended manufacturing process. 
200 mm 
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Concerning the mechanical properties, they are significantly affected by the orientation 
of the fibres and thus defects such as in-plane fibre wrinkling and out-of-plane fibre waviness 
can have a detrimental effect. Resin pockets and dry spots or voids in a cured sample could 
also significantly affect the mechanical properties. Concerning the repeatability of the process, 
it is essential that the same sample properties can be achieved repeatedly and that the laid tape 
path follows accurately the programmed one. Deviations from the programmed path can lead 
to resin gaps or thickness variations in laminates, as well as fibre orientations that do not match 
the design of the component. The following analysis tools were employed to assess the quality 




Each sample that was laid with the CTS prototype was scanned with a high-resolution 
flatbed scanner (Expression 11000xl, Epson, JP) at a resolution of 1200 dots per inch (dpi). A 
scanner was preferred compared to a DSLR camera, to avoid the distortion of the sample 
dimensions. As capturing images of carbon fibre preforms is challenging, due to their unique 
reflective properties, it was necessary to maintain a fixed setup, in terms of the position and 
angle of the lighting source and the imaging sensor. The reflective diagram for carbon fibres is 
comprised of a diffuse and a specular part (Figure 86a)  [96]. The diffuse part is of low intensity 
and thus the captured image is dark, making it difficult to separate the individual tows and the 
fibre orientation (Figure 86b). To make the fibres clearly visible, it is necessary to capture the 
high intensity specular peaks (Figure 86c) and thus a specific angle between the light source, 
the fibre angle and the optical sensor is needed [97]. The main challenge of this analysis was 
that the fibre orientation changes according to the shear angle. The angles between the light 
source, sample and imaging sensor were chosen to increase the clarity of the areas with a higher 
shear angle, making the areas of low shear angle appear darker. A potential way to improve 
this would be to take multiple images and stitch them together. However, this is 
computationally expensive and due to the large amount of images that needed to be processed 










The images of the laid tapes were used to obtain a qualitative assessment of the 
wrinkling and waviness that each material type developed. To assess the lay-up accuracy, the 
edges of the tapes for each experiment were traced. As all the materials exhibit a degree of 
wrinkling at the boundaries of the tape, the traces were smoothed to reduce this effect in the 
measurements. The shear angle and the shift width of a laid path were then calculated at 1 mm 
intervals.  
The shift width refers to the distance between the tape boundaries (Figure 87), along 
the width of the un-sheared tape. During the CTS process, although the thickness of the material 
changes, leading to a reduction in the width of the tape, the length of the tape that is gripped 
by the shearing mechanism, named ‘shift width’ should, in theory, remain constant (Section 
2.3.1). If this is not the case, then the shear deformation of the fabric is imperfect. The shear 
angle of each path was estimated by averaging the shear angles of the tape boundaries. The 
deviation of the average shear angle of the preform from the reference path could then be 
estimated. This deviation gives an indication of the tape slippage and thus the accuracy of the 
process. An example of tape slippage can be seen in Figure 87, where the red line shows the 
reference path. The reasons for this slippage are mainly due to the tensioning of the tape and 
the increase of the shear angle, which lead to an increase in the lateral force which causes the 
tape to slip. 
   













To investigate further the effect of process parameters on the quality of the process, the 
surface profiles of selected single ply preforms and cured laminates were measured using a 3D 
surface profilometer (InfiniteFocus, Alicona, AT) which uses an optical focus-variation 
technology. This allowed to quantify the out-of-plane waviness of the samples and provided 
further insight into the shear deformation mechanisms for each material.  
Concerning the tape preforms, the sections that were scanned were 100 mm x 100 mm, 
which was the limit of the machine, while a vertical and lateral resolution of 20 µm and 50 µm, 
respectively were used. All the preforms that were scanned were produced using paths with a 
steering radius of 100 mm (Figure 84b), and the centre of the scanning section was aligned to 
the inflection point of the paths. All the tapes were laid on the same 3 mm thick aluminium 
plate as the reference surface of the measurement. Concerning the cured plates, an area of 64 
mm x 32 mm was scanned, which captures the steered path from its origin (0o shear angle) up 




Shift  width  
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For the tape preforms that were scanned false colour images were produced, to illustrate 
the variations in the surface profile (Figure 88). The average surface thickness across a 25 mm 
wide section (indicated in brown in Figure 88a) was calculated for the length of the tape, to 
analyse the thickness change of the preforms as the shear angle increases and how it is affected 
by different process parameters (Figure 88a). The same analysis was performed at the tow 
level, where the average surface thickness of a section which has the width of the tow and 
follows the laid path was calculated (Figure 88b).  
For the cured plates, false colour images were produced to also illustrate the variations 
in the surface profile. Furthermore, the average plate thickness across the whole width of the 
scanned area (32 mm – maximum available) was calculated to investigate the thickness change 









The 8 layer laminates that were produced for each material type were scanned with a 
CT scanner (XT H320, Nikon, JP), to investigate the impregnation quality for each material. 
The void content of the laminates was measured using the composite void analysis tool 
embedded within the VGSTUDIO MAX 2.2. (Volume Graphics, DE) post-processing 
software. As demonstrated by Nikishkov et al. [98], the estimation of the void content using 
methods which rely on grayscale threshold criteria, which are employed by the software, 
depends heavily on the resolution of the CT scans. As the resolution of the scans was low 
a) b) 
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(0.098 mm2), to capture the large area of the specimens (Figure 85), only macroscopic void 




In this section, the results of the experimental setup (Section 4.2) are presented. The 
results are categorised according to the process parameter that was examined and in each 




The effect of the shear angle on the quality of the sample, was examined by laying a 
200 mm radius path with a 60o maximum shear angle (Figure 84a) and an initial tape tension 
of 0.1 N/mm. The laid paths for each material type, including magnified images taken at 
different shear angles are presented in Figure 89, Figure 92 and Figure 94. All the magnified 
images were captured at the centreline of the path and the annotated shear angle is reached at 










 Concerning the shear deformation of Material A (Figure 89), it was evident that the 
weft yarns remained parallel with the shearing boundaries, as the shear angle increased. This 
happened as the weft yarns were coated with a thermoplastic resin which was melted during 
the manufacturing process of the material and locked its position on the carbon tow. The weft 
yarn was then stiffened and maintained its original position and orientation during the shear 
deformation. Although this was an indication that the material deformed in pure intra tow shear, 
severe wrinkling occurred along individual tows. As can be seen from the magnified images in 
Figure 89, the tows appeared to deform to an ‘s’ shape, where the fibres remained straight in 
the areas close to the weft yarns. The fibres within a tow rearrange only during the middle 
section between two weft yarns, meaning that the local shear angle of the tow changes heavily 
between two weft yarns and does not follow the reference one. This effect is illustrated in 
Figure 90, which is a magnified image of a sheared region. From the two weft yarns that can 
be seen, the left one has no thermoplastic resin, due to a defect during the manufacture of the 
material, while the right one is coated with the thermoplastic resin. The carbon fibres under the 
left weft yarn are at an acute angle with the weft yarn, which is what normally occurs with 
woven fabrics (Figure 91a), while the carbon fibres near the right weft yarn are at a right angle 






It was also observed that the tows at the edges of the tape were bent rather than sheared 




3 mm 3 mm a) b) 
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to the point that it could no longer resist the bending of the tow, due to the free end of the weft 
yarn at the edge of the tape. This tow bending effect, lead to the generation of wrinkles along 





To conclude, it was evident that the structure of Material A did not allow for intra-tow 
shear deformation, as the fusible weft yarns constrained the rearrangement of the fibres. Inter-
tow shear deformation was not possible either, due to the stiff weft yarns which connect the 
tows, inhibiting their rearrangement. Therefore, as the shear angle increased so did the in-plane 
wrinkling and out-of-plane waviness of the preform, thus reducing its quality. The shear angle 
of individual tows had significant variations and deviated from the shear angle of the reference 
path due to the locking effect of the weft yarns.  
A possible improvement in terms of material behaviour could come from the selection 
of the thermoplastic resin of the fusible yarn. By selecting a resin with low melting point and 
by subsequently heating the material as it enters the shearing mechanism, the softening of the 







Concerning Material B, it was evident that the width of the tows varied greatly for the 
straight part of the path (0o shear angle), as the tows were spread locally in the areas where the 
weft yarn passed under the tows. However, the width of the tows became more uniform (tow 
straightening) as the shear angle increased, until it reached approximately 30o. Then the 
variation in the width of the tow and the spreading at the cross-over points appeared again and 
its magnitude increased with the shear angle.  
 The straightening of the tows until a shear angle of 30o is almost certainly not related 
to an increase in tape tension. The initial tape tension for this experiment was 0.1 N/mm, but 
once the tape reached 30o, the tape tension would be 0.115 N/mm (Section 3.2.3.1), which is a 
minimal increase. The tow straightening effect could be an indication that either intra-tow 
shear, inter-tow shear (Figure 65) or a mixture of both deformations takes place. The sliding 
motion of the fibres and/or tows would lead to the tow straightening effect that was observed, 
as the tow width variations would be suppressed to allow for it. 
 The tow spreading that occurred after 30o is probably related to a different mechanism. 
In Material B, the weft yarns could slide freely at the cross-over points and thus the angle 
between the weft and warp yarn changed as the shear angle increased. This also occurs in 
woven fabrics, leading to an increase in the area of the yarns that are in contact at the cross-
over points (Figure 91a). This causes a change in the undulation of the tows and a reduction in 
the projected length of the weft and warp tows along their respective directions (Figure 91b).  
However, during shearing with the CTS process the shift width of the fabric should 
remain constant, meaning that the projected length of the weft yarn should remain constant as 
well. Then as the length of the weft yarn is fixed at the edges of the tape, it will be placed under 
tension, which will in-turn compress the warp tows at the cross-over points (Figure 93b) and 
cause the tow spreading effect. The magnitude of this phenomenon would increase as the shear 
angle increased, as is evident from the magnified images in Figure 92. The reason that this 
mechanism took effect after reaching 30o of shear angle, is probably due to some slack in the 
weft yarn at the un-sheared state.  
Furthermore, the localised compression of the warp tows at the cross-over points, would 
increase the internal friction of the material and could further inhibit both the intra-tow and 







Concerning Material C, its main difference from Material B was the shorter weft yarn 
pitch (6 mm vs 13 mm) and smaller tow size (6K vs 12K). As can be seen from Figure 94, the 
tow width of Material C was much more uniform for the straight part of the path (0o shear 
angle), compared to Material B. There was also a significant gap between the tows for the 
straight part. The shear deformation mechanism was similar to Material B; the variation in the 
width of the tows decreased until a shear angle of 30o and then the tows started to spread at the 
cross-over points. However, the tow spreading at the higher shear angles was far more 
pronounced for Material C, in comparison with Material B. This could be related to the fact 
that the tows of Material C had a significantly different aspect ratio and were more spread (2 
mm width, 6K tow), compared to the tows of Material B (2.25 mm width, 12K tow). This 
means that the tows allowed for significantly higher lateral compaction.  
This would also signify that Material C has a higher locking angle compared to Material 
B. The term locking angle here refers to the shear angle at which the material can no longer be 
sheared due to intra or inter tow shear and wrinkling and waviness develop. This also means 
that the width of the tape can no longer be reduced to accommodate the thickness change due 








To examine further the locking effect for each material type, the shift width variation 
was plotted for each of the laid paths (Figure 95). For Material A and B the shift width started 
to increase from approximately 30o and rose sharply at 50o. This signifies that the locking angle 
for these Materials is near 30o. On the contrary, Material C maintained an almost constant shift 
width, meaning that it had not yet reached its locking angle. This finding supports the claim 






To assess the accuracy of the laid paths, the shear angle variation was plotted for the 
60o laid paths for each material type (Figure 96). The shear angle of the laid paths followed 
closely the programmed shear angle. The biggest variation can be seen near the inflection point 
for Material B (2o variation) and Material A (3.5o variation). These paths were laid with the 
lowest tension setting of the current system (initial tension of 0.1 N/mm) and the results show 
that the tape slip was minimal, meaning that that the gripping force of the pinch device was 































To investigate the effect of tension on the quality of the CTS process, three metrics were 
employed: the in-plane wrinkling / out-of-plane waviness, the path accuracy and the shift width 
variation of the laid tapes. The experimental conditions for the paths laid with the 3 different 










100 40° 0.1 
100 40° 0.4 
100 40° 0.7 




 In Figure 97 - Figure 99 magnified images are presented, which were captured at the 
centreline of paths laid using different materials and at different initial tension levels. The 






















angle is reached, and thus the highest level of wrinkling and waviness. The red lines depict the 
programmed path of the tapes.  
 For all the materials, the path laid with an initial tension of 0.1 N/mm had an increased 
level of in-plane wrinkling. This was especially true for Material A as the tows appeared to 
have a more pronounced ‘s’ shape, with significant spreading taking place at the middle point 
between two weft yarns. An increase in the initial tension levels straightened the tow, reducing 
the variation of its width and the size of the area where the fibres remained perpendicular to 
the weft yarns.  
 In the case of Materials B and C, the differences were subtler. Nonetheless, the paths 
with an initial tension of 0.1 N/mm also appeared to have a higher variation of the tow width, 
with more pronounced spreading and necking of the tow taking place at the cross-over points. 
 For all the materials, there were no evident visual differences for the paths laid with an 
initial tension of 0.4 N/mm, 0.7 N/mm and 1.0 N/mm. All the materials exhibited non-
uniformity and significant variations in the deformation of individual tows, which made it 

























 To investigate further these cases, the tape preforms that were laid with an initial 
tension of 0.4 N/mm and 1.0 N/mm were scanned with a 3D profilometer. False colour images 
are presented in Figure 100 that illustrate the surface profile of the tape preforms that were 
scanned. The out-of-plane waviness or crimp amplitude that was induced primarily due to the 
weft yarn arrangement (fabric crimp) becomes clear from these images. The term “crimp 
amplitude” refers to the extent to which the tows are deflected from the centre plane of the 
fabric. Although Material A and Material B have both 12K warp tows, the crimp amplitude 
was significantly higher in Material A. Material C exhibited the lowest crimp amplitude, but 
this was due to its spread 6K tows, which had small thickness. 
 Concerning the gaps between the tows, they can be seen as pink-red lines or spots on 
Figure 100, for the tape preforms laid using Material A and B. It was not possible to distinguish 
the gaps for Material C, as the thickness of the tape was close to the thickness of the resin layer 
and thus the colour difference was not evident.  
For Material A, significant gaps existed between the tows which diminished as the 
material reached the maximum shear angle. This phenomenon is related to the lateral 
compaction of the tape as the shear angle increased. The gaps had a random distribution and 
were inherent to the original material structure. For Material B, the gaps appeared as small 
spots, which were located close to the cross-over points of the tows. A similar trend was 
observed, with the size of the gaps reducing as the shear angle increased and eventually 
diminishing as the shear angle exceeded 30o. This was once more related to the lateral 

















 Concerning the effect of tension on the out-of-plane waviness, the differences for all 
the materials were very small and could well be attributed to material variation. To investigate 
this further the average tape thickness for a 25 mm section across the middle of the tape is 
plotted for each material in Figure 101. Material A exhibited higher tape thickness for the tape 
laid with a higher initial tension level, while Material B and C exhibited slightly lower tape 
thickness for the high tension path. In theory, a higher tension level should suppress the out-
of-plane waviness and lead to reduced tape thickness. Nonetheless, the differences for all 
Materials were small and thus it was evident that an increase of initial tension from 0.4 N/mm 
to 1.0 N/mm has little effect on the out-of-plane waviness of the preforms. 
Concerning the overall thickness change due to the lateral compaction of the tape 
during the shear deformation, Material A exhibited the largest variations from all 3 materials 
and seemed to be affected significantly more from the shear deformation, as the average 
thickness of the tape increased from approximately 0.95 mm at 15o of shear angle to 
approximately 1.2 mm at 40o. The average tape thickness for Material B and C also increased 
as the shear angle increased, but not as sharply. The high rate of thickness increase of Material 





 To investigate further the shear behaviour of the different material formats, the 
variation of the tow thickness is presented in Figure 102 - Figure 104. For each material and 
initial tension level, two tows are presented; one that is near the edge of the tape and one that 















































































Reference Shear Angle 
Material A 1 N/mm 
Material A 0.4 N/mm 
Material B 1 N/mm 
Material B 0.4 N/mm 
Material C 1 N/mm 
Material C 0.4 N/mm 
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thickness variation of approximately 0.6 mm. Material C exhibits the lowest tow thickness 
variation of approximately 0.15 mm. There is no significant difference between the thickness 
of the tows on the middle and on the edge of the tapes, except for the path that was laid with 
Material A and an initial tension of 1 N/mm. This could well be down to material variation and 
it appears that there are no significant differences in the shear behaviour of the tows across the 
cross-section of the tape. This argument is further reinforced by the false colour surface 




































































































































































Reference Shear Angle 
15°	 15°	40°	
Reference Shear Angle 
1 N/mm - middle 
1 N/mm - edge 
0.4 N/mm - middle 
0.4 N/mm - edge 
1 N/mm - middle 
1 N/mm - edge 
0.4 N/mm - middle 





Overall it can be concluded that increasing the tension to a level higher than 0.4 
N/mm had little to no effect on the quality of the steered preforms. It was clear however that 
the quality of the paths laid with an initial tension of 0.1 N/mm was lower. Thus, to achieve a 
quality close to the maximum permissible by each Material with the CTS process, it is 




 One difference that is evident in the magnified images presented in Figure 97 - Figure 
99 and especially for Material C, is that the tows followed the reference path (red line) more 
closely when the initial tension of the laid path was lower. To investigate further this point, the 
shear angle of the paths laid for each material type and initial tension levels were plotted against 
the shear angle of the reference path (Figure 105, Figure 106, Figure 107). The experiments 
were repeated twice, as the variations of the shear angle were small, but also to check the 
repeatability of the process. 
 For all the laid paths, the main deviation from the reference path was located near the 
inflection point of the reference path, where the reference shear angle reaches its maximum 
value of 40o. This clearly indicates that the shear angle affects the accuracy of the path. 
Furthermore, it is evident that for all material types, higher levels of initial tension led to 


















































































Reference Shear Angle 
1 N/mm - middle 
1 N/mm - edge 
0.4 N/mm - middle 
0.4 N/mm - edge 
	 124	
 The primary reason for this inaccuracy is sideways slipping of the tape path, as can be 
seen from Figure 87. The tape will slip only if the gripping force generated by the shearing 
mechanism is not enough to constraint the tape, as detailed in Section 3.2.3.1. The lateral force 
which leads to the slippage of the tape will increase, as the initial tape tension and the shear 
angle of the path increase (Equation 3.8 – Section 3.2.3.1), which explains why the accuracy 

















































1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 
0.1 N/mm - 1 
0.1 N/mm - 2 
 
1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 
0.1 /mm - 1 






 Another difference that was evident is that Material C followed the reference shear 
angle more closely for all the different tension levels compared to Materials A and B, signifying 
that the material type can affect the accuracy of the paths. As noted in Section 4.3.1, Materials 
A and B appear to lock from a shear angle of 30o. The locking effect can significantly increase 
the shear rigidity of the fabric and thus the force required to shear it. This would increase the 
lateral force which promotes the slippage of the tape and can explain the differences in the path 
accuracy for the different material types. Although the shear stiffness of the material was not 
taken into account in the simplified force interaction model of the shearing mechanism 
presented in Section 3.2.3.1, it appears that it can significantly affect the accuracy of the paths. 
 To investigate further the locking effect for the different material types, the variation 
of the shift width was plotted for each material type, for paths laid with different levels of initial 
tension (Figure 108, Figure 109, Figure 110). For Material A, the shift width increased by 
approximately 2 mm from its nominal value (only 2% of the tape width), as the shear angle 
approached the maximum shear angle of 40o. For Material B, the variation of the shift width 
followed the same pattern, except for the paths that were laid with an initial tension of 1.0 
N/mm, which showed very little variation. For Material C, the shift width variation was 
minimal. These results are in accordance with the shift width variation that was observed for 
the paths with a shear angle of 60o (Figure 95). The only exception is for the paths of lowest 






















1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 
0.1 N/mm - 1 













































































1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 
0.1 N/mm - 1 
0.1 N/mm - 2 
 
1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 
0.1 N/mm - 1 
0.1 N/mm - 2 
 
1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 
0.1 N/mm - 1 
0.1 N/mm - 2 
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 Overall, it can be concluded that tension can affect significantly the accuracy of the 
laid paths, with increased levels of tape tension leading to larger deviation from the reference 
path. Nonetheless, these deviations would not occur if the gripping force provided by the 
shearing mechanism was enough to prevent the slippage of the tape. A higher gripping force 
would mean that that higher levels of tape tension could be used with the CTS prototype, 
while maintaining the accuracy of the laid path. It was also found that the shear resistance of 
the fabric tapes can affect the lateral force which causes the slippage of the tape. These 
observations highlight the need to further refine the force interaction model presented in 





The effect of the steering radius on the quality of the tape preforms was examined by 
laying paths with steering radii of 50 mm, 100 mm and 200 mm, using the experimental 
parameters of Table 4.  Magnified images of the different paths for each material type are 
presented in Figure 111 - Figure 113. All the magnified images were captured at the centreline 
of the path and the centre of the image coincides with the inflection point of the reference path, 
where the tape reaches its maximum shear angle. At this area, the inaccuracy of the laid paths 
is the greatest and the effects of the steering radius become clear. The red line depicts the 
programmed path of the tape, while the white lines are aligned with individual fibres and are 






shear angle  
Initial tape 
tension (N/mm) 
50 40° 0.7 
100 40° 0.7 
200 40° 0.7 
 
For Material A, it was evident that the bending of the tows near the weft yarns, which 
led to the characteristic ‘s’ shape deformation, was less pronounced as the steering radius 
decreases. This is probably due to a significantly larger deviation of the actual shear angle from 
	 128	
the reference one for the 50 mm and 100 mm radius paths. From Figure 111, it is clear that 
these paths reach a maximum shear angle far lower than the reference angle of 40o.  
 For Material B, the quality of the steered paths seemed to improve as the steering radius 
increased, as the width variation of the tows reduces significantly. This could be attributed to 
a similar phenomenon as the one observed for Material A, as the inaccuracy of the paths 
reduces while the steering radius increases and thus the laid paths reach a higher shear angle 
(Figure 112). This is in accordance with what was observed in Section 4.3.1 for Material B, as 
the increase in the shear angle leads to the straightening of the tows. 
 For Material C, there were no evident differences in terms of preform quality. However, 
one notable difference was that the local fibre angle was closer to the angle of the reference 
path for the paths with different steering radii compared to Material A and B. This difference 
was more evident for the path with a steering radius of 50 mm. The local fibre angle for this 
path was between 330 – 35o, compared to 23o – 25o and 26o – 27o for the paths laid with 





















The common trend for all the materials is that the deviation of the laid path from the 
reference path increased as the steering radius reduced. This is illustrated by the deviation of 
the tow path from the red line of the reference path, but also from the white lines which 
represent the local fibre angle. This effect was more pronounced for Materials A and B and 
less for Material C. To investigate this phenomenon further, the deviation of the shear angle of 
the laid paths from the reference paths was plotted (Figure 114 - Figure 116). The maximum 
angle of the laid paths for the different Materials was also presented in Table 5. The same trend 
appears in the graphs and the Table, as Material C was significantly less affected from the 



































































50 40° 23.7° 26.8° 33.6° 
100 40° 31.5° 34° 35.4° 
200 40° 32° 36.2° 36.3° 
 
 It is evident then that each material type is affected to a different extent from the 
steering radius of the path. The accuracy of all the different materials however begins to 
converge to the reference path as the steering radius increases. This phenomenon provides 
further insight to the shear deformation of dry fabric tapes with the CTS process. From Figure 
111 - Figure 113 it is evident that the tows for each material type are not subjected to continuous 
shear deformation, as the fibres of a tow remain almost straight between two weft yarn cross-
over points. This happens due to the way that the tape preform is constraint.  
In this research, a resin tape was attached on the bottom surface of the carbon tape, but 
without impregnating it, thus there was nothing constraining the fibres in the through-thickness 
direction except for the weft yarn arrangement. Then once the tape is laid on the surface of the 





















top of them and straighten. The fibres do not follow the reference path, but a piecewise linear 
approximation of it, as the tows form straight segments between the weft yarns, which act as 
anchor points. The pitch of the weft yarn then, significantly affects the deviation between the 
actual and reference paths. To illustrate this point, the deformation of the tows for Material A 
(weft yarn pitch of 13 mm) is simplified and presented in Figure 117. The red lines represent 
the boundaries of the tow, while the vertical blue lines represent the weft yarn cross-over points. 
The deformation is simplified, with the tows simply connecting two weft yarns with a straight 
line, which is not the actual ‘s’ shape deformation that the tows of Material A exhibit.  
The reason then that the quality of the laid paths with a smaller radius appears to be 
improved, is simply because the shear angle is smaller than the one of the reference path. 
Material C is affected less by this phenomenon compared to Material A and B. This is due to 











To investigate the effect of the shear angle on the thickness of a steered laminate 
produced with CTS, the 8 layer cured plates were scanned using the Alicona 3D profilometer. 
The thickness of the plates for the 3 different materials across a 64 mm x 32 mm area can be 
seen in Figure 118, where the red lines depict the reference path.  
A certain level of variation can be observed across the y-axis (Figure 118) for all the 
materials. This can be attributed mainly to two factors. Firstly, to the bagging process, where 
a silicone sheet was added on the material surface, as it can deform and adapt to the thickness 
variation of the preform. Nonetheless, the silicone could lead to the slight undulations, which 
were observed in the cured plates (e.g. Figure 118c – bottom left corner), which were not 
apparent in the preforms. Secondly and more crucially, as shown in Section 4.3.2.2, even for 
paths laid with the same process parameters there can be differences of up to 2o in the maximum 
shear angle at the inflection point and in general small variations in the shear angle across the 
whole path. As the shear angle exceeds 30o, even small differences can lead to noticeable 
variations in the thickness of the final part. For example, a shear angle of 34o will lead to a 
thickness increase of 20.6%, while a shear angle of 36o will lead to a thickness change of 23.6% 
(Equation 2.6 – Section 2.3.1). Variations between individual paths could build up across 8 













 To investigate how closely the average thickness variation of the plates follows the 
theoretical one (Equation 2.6 – Section 2.3.1), the normalised thickness variation for each plate 
created with the 3 different materials was plotted in Figure 119. To calculate the normalised 
thickness variation the average thickness across the y-axis of the scans presented in Figure 118 
was calculated across the width of the scan (32 mm). These values were then divided with the 
average thickness of the plates at 0o of shear angle to derive the normalised thickness variation. 
 The plate created with Material A followed more closely the reference plate, where the 
thickness variation started to deviate as it reached a value of 1.17. Material C showed a similar 
trend, however the thickness variation started to deviate at a value of 1.1. Finally, Material B 
exhibited an almost linear normalised thickness variation, which was not expected and it is 
unclear why this variation occurred. 
 All the plates exhibited the highest deviation from the reference plate towards the 
inflection point of the paths, where the reference angle reaches a value of 40o. The cured paths 
were created with the steered paths laid with an initial tension of 0.7 N/mm, that were presented 
in Section 4.3.2.2. The accuracy of these paths for each material was presented in Figure 105, 
Figure 106 and Figure 107. From the analysis, it was shown that the actual paths deviated 
significantly as the shear angle approached the maximum value of 40o. The maximum shear 
angle that was reached by Material A, B and C were 33.5o, 34o, 36o, respectively. These shear 
angles, would lead to a normalised thickness change of 1.19, 1.21 and 1.24 respectively 
(Equation 2.6 – Section 2.3.1). From Figure 119, it can be seen that Material A reaches a value 
of 1.19, which is the expected one, while Material B and C reach values close to the expected 
ones. Thus, the inaccuracy of the paths is the primary reason that the actual thickness of the 
plates deviates from the reference one. 
 Finally, another factor which could influence the thickness of a laminate produced with 
CTS was the variation in the shift width. Although the shift width variation in the current paths 
was minimal, it was shown that higher shear angles could lead to higher shift width variations 
for certain materials. A variation in the shift width indicates that the material cannot 
accommodate the lateral compression induced by the shear deformation and thus the thickness 







To investigate the impregnation quality of the cured plates, sections from their CT scans 
were analysed. These sections are presented in Figure 120, Figure 121 and Figure 122, where 
the voids are illustrated with a blue colour. Two scanned sections of a steered path produced 
with the same process parameters are included in each Figure. As the steered paths were laid 
on transparent acrylic plates, it was possible to obtain clear images from the surface of the tapes 
which comes in contact with the plate (underside of laid paths). Each of these two scanned 
images was captured at the centreline of the paths; one corresponds to an un-sheared segment 
and the other to the inflection point of the paths (reference shear angle of 40o). 
To estimate the void percentage on the overall plate, the embedded void detection 
module of VGSTUIO MAX 2.2 was used. The module uses a grayscale value filter to separate 
the voids from the actual laminate. The results showed that the void contents were 1.59%, 










































































preform.	 The	 reason	 that	 air	 pockets	developed	under	 the	 cross-over	points	 as	 the	 shear	














 Concerning Material B, it can be seen from Figure 121a and Figure 121b that for a 
straight path air pockets develop at the cross-over points where the weft yarn is located under 
the tows. No air entrapment was observed at the cross-over points where the weft yarns passes 
above the tows. The same behaviour is observed for the sheared section, with the only 
difference being a reduction in the area of the air pockets, which coincides with a reduction of 
the tow width. In the CT scan image (Figure 121c), voids appeared both at the cross-over 
points, but also in the areas between the tows. There appeared to be no evident coupling 
between the distribution and overall area of the voids and the shear angle of the tows. 
 This could be expected, as the pattern of air entrapments between the straight and 
sheared paths was very similar. Significant fabric crimp was also observed for this material 
even at a shear angle of 0o degrees. 









 Concerning Material C, it can be seen from Figure 122a and Figure 122b that entrapped 
air pockets existed both in the straight and sheared sections. Their distribution appears to be 
random. The main difference between the two sections, is that in the sheared section vertical 
air pockets appear between the tows. In the section from the CT scan of the plate (Figure 122c), 
the voids again appear to have a random distribution. At low shear angles there appear to be 
almost no voids, while their frequency rapidly increases at higher shear angles. 
 These could be attributed to the large vertical air pockets that appear in the sheared 
region at the preform. The development of these pockets could be attributed to the significant 
difference in the aspect ratio of the tow in the straight and sheared region. As presented in 
Section 4.3.1, the un-sheared tows of Material C are spread and have a high aspect ratio (wide 
width, low thickness). However, as the shear deformation causes a tensioning of the weft yarns, 
the tows are compressed at the cross over points and this leads to local crimping of the tows 
(low aspect ratio – narrow width, high thickness). It is unclear what the exact shape of the tows 
is once they are sheared, but this effect could potentially lead to the formation of the vertical 





 To conclude a correlation between the crimp amplitude of each material and the total 
percentage of the void area can be drawn for the materials that were tested, with Material A 
having the highest crimp amplitude and highest percentage of voids and Material C the lowest. 
Furthermore, a coupling between the shear angle and the number and size of voids was found 




In this chapter, the effect of process and material parameters on the quality of preforms 
produced with the wide tape CTS prototype, while using dry UD fabric tapes, was assessed.  
 Concerning the effect of the material parameters, three different materials were tested 
with significant differences in the parameters related to the UD tows (e.g. size and aspect ratio) 
and the structure of the weft yarns (e.g. weft yarn pitch, material). Material A exhibited a 
unique shear behaviour, with the tows deforming to an ‘s’ shape as the shear angle increased. 
This occurred due to a stiff weft yarn whose position was locked at the cross-over points, 
inhibiting both the intra and inter tow shear deformation. Materials B and C, on the other hand, 
allowed for intra-tow and inter-tow shear deformation until each material reached its locking 
angle. The locking angle was defined as the point, where intra tow and inter tow shear 
deformations were inhibited, due to a local compression of the tows at the cross-over points, 
as the weft yarn became tensioned. Overall, it was evident that the weft yarn format 
significantly influenced the shear behaviour for all the materials. It was shown that each tow 
did not deform in a continuous manner, but it formed straight sections between the weft yarns, 
which acted as anchor points. Thus, instead of the reference path, a piecewise linear curve was 
produced. This phenomenon occurred as the weft yarns were the only points at which the tape 
was constrained on the surface of the mould. Thus, the pitch and pattern of the weft yarn can 
significantly affect the shear deformation, with a smaller pitch leading to a more accurate 
approximation of the reference path. Furthermore, a correlation was observed between the 
crimp amplitude of each material and the void percentage of a cured laminate created with it. 
 From the above findings, it can be concluded that the optimum material format for the 
wide tape CTS, when considering UD fabric tapes, is a material where the weft yarn pitch and 
the crimp amplitude are minimised, while the aspect ratio of the tows is high (spread tows). 
For these reasons, from the materials that were tested, Material C is expected to exhibit the 
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highest mechanical properties (assuming that the fibres of the different materials have the same 
properties). 
 Concerning the experimental parameters, the shear angle was found to have the highest 
impact on the quality of the preforms, where Materials A and B were not able to maintain a 
constant shift width after a certain angle. The effect of tension was significant when comparing 
paths laid with an initial tension of 0.1 N/mm and 0.4 N/mm, with the 0.4 N/mm paths 
exhibiting reduced in-plane wrinkling. However further increase of the tension had little to no 
effect on the quality of the preforms. On the other hand, tension significantly affected the 
accuracy of the paths, with higher levels of tension leading to higher deviation. This was 
attributed to an increased lateral force acting on the tape causing it to slip. 
 From the above findings it can be concluded, that to improve the preform quality 
produced with dry UD fabric tapes, only a low level of tension is required. Furthermore, to 
improve the accuracy of the laid paths, it is necessary to increase the output gripping force of 
























This Chapter examines the feasibility of using the CTS process with unidirectional 
carbon fibre prepreg tapes. These tapes are commonly used with commercial ATL machines 
and are the material of choice of the aerospace industry. The main reasons that it had not been 
possible to use CTS with prepreg tapes, were material requirements which were not met by 
prepreg tapes, as demonstrated in previous research [20]. Firstly, the top surface of the tape 
need to have low tack to allow the compaction shoe to slide freely on the tape without sticking 
to the fibres. Secondly, the material needs to exhibit a shear behaviour that develops minimal 
fibre wrinkling at relatively high shear angles, to allow for a sufficient operational window for 
fibre steering using the CTS process.  
 Most prepregs have a tacky surface, to allow for the adhesion of the tape on the surface 
on a mould. In order to enable the use of prepreg tapes with the CTS technology the tack of the 
top surface had to be reduced. There are several ways to achieve this; either by modifying the 
prepreg surface by adding low friction materials or by formulating a prepreg with a low resin 
tack, where the tack of the bottom surface of the tape could be increased with an additional 
epoxy binder. In this study, a thermoplastic powder was spread on the top surface of the prepreg 
tape, to reduce its tack. Phenoxy was chosen as it dissolves in the epoxy matrix during curing 
and acts as a toughening agent for composite materials [101]. Thus, it would not degrade the 
interlaminar properties.  
Concerning the shear characteristics of unidirectional prepregs, there exists a small 
number of published studies, in contrast with woven prepreg fabrics. Most notably, Potter 
investigated the shear behaviour of cross-plied unidirectional prepreg via bias extension tests 
[102]. It was found that the shear deformation was not uniform and that most of the shear strain 
developed in the regions of low fibre content between the tows. Buckling and in-plane 
wrinkling was also observed (Figure 123a) and it was stated that in-plane compressive stresses 
along the fibre direction had to develop for the wrinkling to occur. A hypothesis was formed 
that such fibre wrinkling was driven by tow misalignments, where essentially a few misaligned 
tows that come under tension cause the rest of the tows to come under compression and thus 
wrinkle. This was illustrated through Figure 123b, where the heavy dashed line represents a 
misaligned tow, which comes under tension during shear deformation. The dotted line on the 
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other hand represents a misaligned tow that comes under compression during the shear 






Larberg et al. [86] also tested cross-plied stacks of prepreg in bias extension 
experiments. The effect of temperature and shear rate on the forming behaviour was analysed, 
where it was shown that both increased temperature and reduced shear rate decreased the shear 
resistance of the material (Figure 124a). Furthermore, it was found that the shear rate could 
significantly affect the shear behaviour of the prepreg stacks and the splitting of a prepreg layer 
into several bands of fibres (segmented lines - Figure 124b). Lower shear rates led to narrower 
fibre bands across the surface of the material, which exhibited increased rotation. Across the 
three different materials that were tested different shear behaviours were observed, due to 
differences in the matrix system and the toughener format for each prepreg. It was also shown 
that not only the viscoelastic properties of the matrix system, but also the fibre volume fraction 
and thus the packing of the fibres within the tows affected the shear behaviour of the material. 
 







 Furthermore, Potter et al. [103] performed a study to investigate the in-plane 
deformation chracteristics of unifirectional prepreg. In order to study both the transverse and 
shear deformation modes, prepreg strips were cut at off-axis angles from 15o to 90o (Figure 
125). The deformation in all the samples, apart from the ones with an off-axis angle lower 
than 30o, was dominated by transverse stretching. It was concluded that this occurred, as the 
stiffness of the shear deformation mode was an order of magnitude higher compared to the 
transverse stretching mode. Furthermore, significant non-uniformity in the distribution of the 
shear and stretching strain was observed, during the deformation of the samples. The samples 
formed regions of extensive thinning and areas with minimal strain. The above observations 
illustrate the difficulty in using unidirectional prepreg for forming operations. Nonentheless, 
it was observed that the loads required to deform the prepreg strips were low and thus a small 
level of constraint could potentially improve the strain uniformity and thus the forming 




To assess the feasibility of using prepreg with the CTS process, layup tests were 
performed with a single type of prepreg tape, while varying the process parameters that are 
known to influence the shear behaviour of prepreg; namely temperature, shear rate and shear 
angle. The effect of tensioning the tapes along the fibre direction during the shear deformation, 




A series of experiments was conducted, using the wide tape CTS head modified for 
use with prepreg tape (Figure 126), to assess the effect of process parameters (e.g. lay-up 
temperature) on the quality of the process. Although different material types are expected to 
have a different shear behaviour [86], a single prepreg material was chosen for this research, 
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as the aim was to assess the feasibility of using CTS with prepreg and not to provide an analysis 







A standard carbon/epoxy prepreg material (MTM49-3/T800, Cytec, US) with a fibre 
areal weight of 140 g/m2 was used for this research. It was cut into 100 mm wide strips from a 
600 mm roll. Phenoxy powder with a particle size of 80 microns was spread on the top surface 
of the prepreg prior to lay-up, to reduce the tack of the surface. The tapes were deposited on an 
acrylic substrate, while a small amount of contact adhesive (Econotac 2, Airtech, US) was 




To assess the effect of the process parameters on the quality of the process a similar 
experimental setup to the one presented in Section 4.2 for dry fabrics was employed. Most of 
the process parameters related to the use of the CTS process with prepreg remained the same 
with the dry fabric setup, to illustrate differences between these material formats. 
The paths that were used to assess the layup quality of dry fabric tapes, presented in 
Figure 84, were also used in this Chapter. These include a path with a maximum shear angle 
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of 60o and a fixed steering radius of 200 mm and three more paths with a maximum shear angle 
of 40o and steering radii of 50 mm, 100 mm and 200 mm.  
The path with a maximum shear angle of 60o was used to assess the shear angle limit 
that the prepreg material can reach. The path was laid with the lowest possible tension (0.1 
N/mm) to minimise tape slippage and ensure a successful layup. Furthermore, the effect of 
temperature was assessed using the path with a maximum shear angle of 40o and a steering 
radius of 100 mm. Paths were laid at different shearing temperatures of 24oC (room 
temperature), 40oC, 60oC and 80oC. The maximum temperature that was tested was 80oC, as 
at higher temperatures, the viscosity of the resin became low enough so that the tape could not 
constrain the fibres in the through thickness direction. In this case, the sliding of the compaction 
shoe on the surface of the tape led to its out-of-plane shear deformation and to the formation 
of severe defects. The effect of tension was assessed using the same path with an 100 mm 
steering radius, laid at different initial tension levels of 0.1 N/mm, 0.4 N/mm, 0.7 N/mm and 
1.0 N/mm. Finally, the effect of the steering radius was assessed by laying paths at different 
radii of 50 mm, 100 mm and 200 mm, with the same process parameters. The effect of the 
shear rate was also tested indirectly, as by laying up paths of different steering radii with the 
same lay-up speed, resulted in different material shear rates. Unlike dry fabrics, the shear rate 
has a significant influence on the shearing quality of a prepreg tape, which implies that the 
shear rate can have impact on the productivity and the maximum lay-up speed that can be 
achieved with the CTS process. 
A summary of the process parameters used for the lay-trials can be found in Table 6, 
while a separate table is also placed in each section of the results, describing the parameters of 
each experiment. The lay-up speed, average temperature and compaction force are omitted 



















50 40° 6 0.7 80 260 
100 40° 6 0.1, 0.4, 0.7, 1.0 24, 40, 60, 80 260 
200 40° 6 0.7 80 260 




The same analysis methods, related to image analysis, 3D profilometer and CT 
scanning analysis, presented in Section 4.2 were employed. To obtain an insight in the shear 
deformation of prepreg, a stripe pattern was marked on the surface of the prepreg tapes with a 
gold permanent ink marker. The lines along the tape width were placed using a stencil at 5 mm 
intervals before the lay-up. The distortion of the lines after the lay-up revealed whether the 




In this section, the results of the experimental setup (Section 5.2) are presented. The 
results are categorised according to the process parameter that was examined and on each 
section tests for all the different materials were included. 
 
5.3.1 Maximum	Shear	Angle	
The effect of the shear angle on the quality of the process, was examined by laying a 
path with a 200 mm radius and a maximum shear angle of 60o (Figure 127a). The path was laid 
using an initial tape tension of 0.1 N/mm, while the lay-up temperature was 80oC. The laid 
path, including magnified images taken at different shear angles are presented in Figure 127. 
All the magnified images were captured at the centreline of the path and the annotated shear 
angle is reached at the centre of the image.  
It was evident from Figure 127 that the prepreg tape developed significant in-plane 
fibre wrinkling, which appeared to be localised and distributed randomly. Out-of-plane 
waviness was also evident from the shadows which were created by the waves during the 
scanning process and appeared as black vertical lines aligned with the direction of the path. 
These defects were evident even for the straight (un-sheared) part of the path, indicating that 
inherent waviness and wrinkling exist within the prepreg tapes. The magnitude of the defects 
increased as the shear angle increased, but for shear angles higher than 30o, the differences in 
the level of defects appeared to be small.  
 The defects that are observed in this sample appear to be significant, however it should 
be noted that this path was laid with the lowest initial tension possible of 0.1 N/mm to prevent 
excessive tape slippage. As will be shown in a later section (5.3.3), the effect of tape tension 






 As can be seen from Figure 128, an initial tape tension of 0.1 N/mm provides an 
accurate path with minimal deviation from the reference one. This signifies that the gripping 
force of the pinch device was sufficient to constraint the shearing of the prepreg tape, while 




 Concerning the variation of the shift width (Figure 129), it increases sharply as the shear 
angle reached a value of approximately 35o. This signifies that the tape could no longer 
accommodate the width change that was imposed due to the rearrangement of the fibres during 
the shear deformation. A lateral compressive stress would then be applied to the tape, leading 
to lateral buckling and out-of-plane waviness. Although the out-of-plane waviness was evident 
in the samples, it was also noted that the quality of the laid tape was not significantly different 
between the shear angles of 30o and 60o. This could be attributed to the compression of the tape 
on the surface of the mould by the compaction shoe. 
 As outlined in [86] and [102], the appearance and severity of the lateral compression 
and buckling, depends primarily on material properties, such as the packing of the fibres (tape 
thickness, fibre volume fraction etc) and the imposed constraints on the material. It could then 
be expected that different prepreg materials would respond differently to the lateral 

























To investigate the effect of temperature on the quality of the CTS process, three metrics 
were employed: the in-plane wrinkling and out-of-plane waviness, the path accuracy and the 
shift width variation of the laid tapes. The experimental conditions for the paths laid are 












100 40° 0.7 24 (room) 
100 40° 0.7 40 
100 40° 0.7 60 




In Figure 130 magnified images are presented that were taken from the centreline of 
paths laid at different temperatures. The centre of the images coincides with the inflection point 























reference path of the tapes. It was evident that as the lay-up temperature increased, the quality 
of the laid tapes improved. At room temperature, excessive out-of-plane waviness was evident, 
which could be attributed to lateral buckling, as outlined in Section 5.3.1. As the tape was 
compressed by the compaction shoe during deposition, the waviness appeared as folds on the 
tape surface. This effect was minimised at 40oC and disappeared almost completely at 60oC. 
This phenomenon can be attributed to a reduction of the tape’s shear stiffness as the 
temperature increases [86]. 
For the 60oC and 80oC samples, there was almost no out-of-plane waviness, but 
localised in-plane wrinkling was evident. The appearance of the fibre wrinkles was similar to 
that of cross-plied prepreg stacks under bias extension shear deformation presented in [102] 
(Figure 123a). The severity of the phenomenon was not as pronounced, but in both cases 
several fibre bundles or complete tows remained straight, while the rest developed fibre 
wrinkling, due to the inherent fibre misalignments that exists within the tapes [102].  
Another characteristic of the material’s shear behaviour that contributes to this 
phenomenon is the evident deformation due to a degree of inter-tow shear. During inter-tow 
shear, the imprinted line that was originally straight and parallel to the shearing boundaries 
would become segmented, with the segments rotated in relation to the shearing boundaries 
(Figure 65). This was observed across all the tapes that were laid at different temperatures 
(Figure 130) to different extents. As the separated segments of the tape were bent, this led to 
localised fibre wrinkling to accommodate the length difference between the boundaries of the 
segments. The width of the segments matches the width of the tows that comprise the prepreg 
tape. As misalignments can only exist within a tow, they can significantly affect the tension 
that is applied to individual tows and lead to tension variations across the different tows, thus 
promoting tow separation. Furthermore, there exist areas of low fibre content between the tows, 
which are developed during the manufacturing process of prepreg, where several tows are 
combined to form a tape. These areas promote the sliding of the tows during the shear 
deformation and subsequently the inter tow shear deformation of the tape [102].  
Overall, it was clear that a temperature increase up to 60oC significantly affected the 
quality of the samples. An increase in temperature reduces the resin viscosity and would thus 
promote the sliding and rearrangement of the fibres within the tow (intra-tow shear) and of the 
tows themselves (inter-tow shear).  The fact that defects developed at temperatures below 60oC 
signifies that the degree of intra-tow and inter-tow shear was limited and most of the 
deformation occurred through in-plane wrinkling and out-of-plane waviness. A further increase 









It can be seen from Figure 131 that the temperature influenced the accuracy of the paths. 
Although the difference was small, paths laid at higher temperatures followed the reference 
path more accurately. The primary reason for the inaccuracy of the paths is sideway slipping 
of the tape within the pinch device. The tape slips only if the gripping force generated by the 
shearing mechanism is not enough to constraint the tape, as explained in Section 3.2.3. The 
lay-up temperature reduces the viscosity of the resin matrix and thus the shear resistance of the 
material, meaning that less force is required to shear the tapes at higher temperatures [86], 
[102], explaining the differences in the accuracy of the paths. This further strengthens the point 











To investigate further the variation of the shift width that was observed (Figure 129) 
and whether it was affected by temperature differences, the variation of the shift width was 
plotted for the paths laid with different levels of temperature (Figure 132). The shift width 
increased for all the different samples by approximately 2 mm – 3 mm (2% - 3%) from its 
nominal value. However, no clear pattern emerges related to the effect of temperature on the 
shift width variation. In theory, increased temperature and subsequently reduced resin viscosity 
should promote the rearrangement of the fibres and reduce the deviation of the shift width from 
its nominal value. This comes in contrast with the observed result. Nonetheless, the overall 
deviation of the shift width is small and it could be affected by measurement errors (tracing 
error, wrinkling at tape boundaries etc). Thus, to obtain a better understanding it would be 




























To investigate the effect of tension on the quality of the CTS process, three metrics 
were employed: the in-plane wrinkling and out-of-plane waviness, the path accuracy and the 
shift width variation for the laid tapes. The experimental conditions for the paths laid are 












100 40° 0.1 80 
100 40° 0.4 80 
100 40° 0.7 80 


































In Figure 133 magnified images are presented that were taken from the centreline of 
paths laid using different materials and at different initial tension levels. The centre of the 
images coincides with the inflection point of the paths. The red lines depict the programmed 
path of the tapes.  
The tape tension significantly affected the quality of the laid tapes, with increased 
tension leading to improved quality. The samples laid with an initial tension of 0.1 N/mm 
developed significant in-plane wrinkling and out-of-plane waviness. The out-of-plane 
waviness was evident from the dark lines that appeared in the sample. These lines were formed 
at a higher angle compared to the shear angle, indicating that shear buckling took place. Similar 
out-of-plane waviness appeared in the samples with an initial tension of 0.3 N/mm, but its 
magnitude was significantly reduced. From the segmentation of the gold lines, it was evident 
that the tape developed a certain degree of inter-tow shear. Once the initial tension was 
increased to 0.7 N/mm, the out-of-plane waviness and in-plane wrinkling were minimised, 
while segmentation of the gold lines was evident. This indicated that a significant amount of 
the shear deformation occurred due to inter-tow shear. Inter-tow shear leads to bending of 
individual tows, which in turns leads to localised wrinkling. Once the initial tension was 
increased further to 1 N/mm, then no out-of-plane waviness was evident, while the in-plane 
wrinkling was minimal. The edges of gold lines remained almost straight with minimal 
segmentation. This indicates that the tape deformed primarily due to intra-tow shear (Figure 
65), which is the desired mode of deformation as it leads to minimal defects. Although the 
quality of the sample with an initial tension of 1.0 N/mm was significantly improved, it was 
evident that there was a deviation of the shear angle of the laid path from the reference path 








Overall increasing the tape tension during lay-up significantly reduced the generation 
of defects during the shear deformation. Through the current analysis, 3 main sources of defects 
were identified: 
- 	the	development	of	intra-tow	shear,	which	leads	to	bending	of	the	tows.	




It was proved that tensioning the tape can dramatically improve the quality of the 
steered tapes and essentially enable the use of the CTS technology with prepreg. However, 
tension cannot negate the effects of all the sources of defects. Tension could diminish the 
separation of the tows and thus the intra tow shear. It could also reduce the out-of-plane 
waviness which is caused primarily by the lateral compression of the tapes. However, 
tensioning of the tapes would not remove fibre misalignments that exist inherently within the 
prepreg tapes, as it would be almost impossible to apply enough tension to stretch the 








The initial tension of the paths significantly affected the lay-up accuracy. The deviation 
of the paths laid with initial tension of 1.0 N/mm could reach up to 7o, while the paths with a 
tension of 0.1 N/mm reached the maximum shear angle of 40o (Figure 134). This is in 
accordance with what was observed for the tension trials for dry fabric tapes in Section 4.3.2.2 
and occurred as an increase in tape tension leads to an increase in the lateral force that promotes 
the slip of the tape (Section 3.2.3.1).  
Nonetheless it is important to point out that the improved quality that is derived by 
higher tension levels, does not have to come at the expense of the path accuracy. These results 
demonstrate that the gripping pressure generated by the pinch device is not enough to inhibit 
the lateral slippage of the tape at a tape tension of 1 N/mm. The shearing mechanism could be 
redesigned, so that higher gripping pressures can be achieved and thus the path accuracy can 
be maintained for higher tension levels. The main conclusion from the current results then, is 
that the lateral force which causes the slippage of the tape, is related to the tension of the tape, 







Concerning the variation of the shift width, it can be seen from Figure 135 that it 




















1 N/mm - 1 
1 N/mm - 2 
0.7 /mm - 1 
0.7 N/mm - 2 
0.4 /mm - 1 
0.4 N/mm - 2 
0.1 N/mm - 1 
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0.7 N/mm exhibit a lower peak compared to the paths laid with a lower initial tension. 
However, the difference was small and could again be attributed to measurement errors and 
inherent material variations. To validate that the tape tension has no significant effect on the 








The effect of the steering radius on the quality of steered samples was tested by laying 
paths with steering radii of 50 mm, 100 mm and 200 mm, using the experimental parameters 
listed in Table 9.  Magnified images of the different paths are presented in Figure 136. All the 
magnified images were captured at the centreline of the path and the centre of the image 
coincides with the inflection point of the reference path. Furthermore, the red line depicts the 
programmed path of the tape, while the white lines are aligned with individual fibres and are 




























1 N/mm - 1 
1 N/mm - 2 
0.7 N/mm - 1 
0.7 N/mm - 2 
0.4 N/mm - 1 
0.4 N/mm - 2 













50 40° 0.7 80 
100 40° 0.7 80 
200 40° 0.7 80 
 
 It was evident from Figure 136 that the quality of the laid tapes was improved as the 
shear radius decreased. In all cases, a small degree of in-plane wrinkling was evident. The 
biggest difference however between the different cases was the degree of inter tow shear that 
the tapes developed, as can be seen from the segmentation of the gold lines, which was 
significantly different across the 3 specimens. Furthermore, the deviation of the local fibre 
angle near the inflection point from the reference path increased as the steering radius reduced.  
 Both these phenomena, the difference in the degree of inter tow shear and the deviation 
of the local fibre angle, could be attributed to the viscoelastic properties of the resin system. 
As all the samples were laid with the same speed, the shear rate between the paths was different. 
Kim et al. [22], demonstrated that the material shear rate for the case of the CTS is given by 
the following equation: 
 




where 5 is the shear rate, 6 the lay-up speed and 7 the steering radius of the path. 
Then the shear rates for the sample with radii of 100 mm and 200 mm, were 2 and 4 
times lower respectively, compared to the sample with a radius of 50 mm. A higher shear rate 
would increase the shear stiffness of the material and the force required to shear it, as observed 
in [86] (Figure 124a). This would increase the force that causes the lateral slip of the tape and 
would explain the increased local fibre deviation for the smaller steering radii. Nonetheless, it 
is counterintuitive that a higher shear rate and thus higher stiffness leads to improved quality. 
A potential explanation could be related to the high resin content of the areas between the tows, 
as a lower shear rate would promote deformation in these areas and thus inter tow shear. This 
would explain the increased segmentation of the gold lines as the steering radius increased. 
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Although the same behaviour was observed in [86] (Figure 124b), further testing is needed to 





The deviation of the laid paths from the reference one, increased as the steering radius 
reduced. This was illustrated by the deviation of the tow path from the red line of the reference 
path but also from the annotated lines which represent the local fibre angle (Figure 136 – white 
lines). To investigate this phenomenon further, the deviation of the shear angle of the laid paths 
from the reference paths was plotted (Figure 137 - Figure 139). As expected, the 50 mm radius 
sample showed the largest deviation, while the deviation for the 100 mm and 200 mm radii 
paths was almost identical. As explained above, this could be attributed to the increase in the 
















































The samples were produced with a lay-up speed of 6 mm/s, which is at least an order 
of magnitude lower compared to that of modern AFP and ATL machines. Thus, the range of 
shear rates currently tested was limited and further testing at higher rates is necessary to 
determine the limits of the material and the CTS process. Nonetheless, 6 mm/s was the 
maximum lay-up speed that a lay-up temperature of 80oC could be maintained with the current 
prototype. Regarding the effect of the steering radius, it was evident that for a prepreg material, 
it is coupled with the shear rate imposed on the material, a parameter which can significantly 




To investigate the effect of the shear angle on the thickness of a steered laminate 
produced with CTS, an 8 layer cured plate was scanned using the Alicona 3D profilometer. 
The thickness of the plate across a 64 mm x 32 mm area is shown in Figure 118, where the red 
lines depict the reference path.  
A small degree of thickness variation was observed across the y axis (Figure 140). This 
could be attributed to the two factors that were presented in Section 4.3.4 and are believed to 
induce the thickness variation in the dry fabric specimens as well. The first of these is the 
bagging process, where a silicone sheet was added on the material surface and could lead to 
slight undulations on the surface of the material. The second factor is the slight variations in 
the trajectory of tapes laid with the same process parameters. As shown in Section 5.3.3.2, even 

















maximum shear angle at the inflection point and in general small variations across the whole 
path. For shear angles, higher than 30o even small differences can lead to significant variations 
on the tape thickness (Equation 2.6 – Section 2.3.1). These variations can build up across 8 





 To investigate how closely the average thickness variation of the plates followed the 
theoretical thickness variation (Equation 2.6 – Section 2.3.1), the normalised thickness 
variation of the plate was plotted in Figure 141. To calculate the normalised thickness variation 
the average thickness across the x axis in the scans presented in Figure 140 was calculated 
across the whole span of the scan (32 mm). These values were then divided with the average 
thickness of the plates at 0o of shear angle to derive the normalised thickness variation. 
 The normalised thickness variation followed closely the reference path up to a value of 
1.11 and then it deviated slightly, reaching a plateau towards the inflection point of the steered 
path. The plate was created with steered paths of an initial tension of 0.7 N/mm and lay-up 
temperature of 80o C. The accuracy of such paths was presented in Figure 134, where a 
significant deviation was observed close to the inflection point, as the shear angle plateaued to 
a value of 34o. Such a shear angle would lead to a normalised thickness increase of 1.21 
(Equation 2.6 – Section 2.3.1), which is close to the observed value of 1.2. 
 Finally, another factor which could influence the thickness of a laminate produced with 
CTS is the variation in the shift width. The slight variation observed in the current paths, 









To investigate the impregnation quality of the cured plate, a CT scan section was 
analysed (Figure 142). Unlike the CT scans for the dry fabric plates that were presented in 
Section 4.3.4, for the case of prepreg no voids were observed, while the embedded void 
detection module of VGSTUIO MAX 2.2 returned a value of 0.00% for the areal void 
percentage in the laminate. Although the resolution of the scans was low, which can 
significantly affect the accuracy of the void detection, it was proved that the cured laminate 
produced with prepreg tapes has very high quality and that the shearing process did not 





























































In this chapter, a feasibility study was conducted on the use of prepreg with the CTS 
process. Several process parameters were assessed and it was clear that they have a significant 
effect on the quality of the process. It was found that using prepreg tapes with the wide tape 
CTS process is possible and fibre steering of high quality can be achieved. 
The parameter which had the biggest effect on the process quality was the tape tension 
applied during the lay-up. Lower tape tension values led to extensive defects, such as shear 
buckling, out-of-plane waviness and in-plane wrinkling. The quality was significantly 
improved by increasing the tape tension to 1 N/mm, where only minimal in-plane wrinkling 
was evident, which was attributed to inherent fibre misalignments that exist in prepreg tapes. 
The improvement of the steering quality was related to the elimination of defect sources which 
give rise to in-plane compressive stresses in the direction of the fibres. Such defects are the 
out-of-plane buckling, which occurs due to the lateral compression of the tapes during shearing, 
and the tow bending, which occurs due to the inter-tow shear deformation.  
Furthermore, it was shown that the shear angle significantly affected the quality of the 
steered tapes, with an increase in the shear angle, leading to an increase in the severity of the 
defects. It was also observed that after a certain shear angle the material could not maintain a 
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constant shift width, suggesting that there is a material limit, where the rearrangement of the 
fibres and the reduction of the tape width, due to the shear deformation, are inhibited.  
The lay-up temperature and shear rate also significantly affected the shear behaviour of 
the prepreg tapes. This was related to the viscoelastic properties of the matrix, which were 
significantly influenced by these parameters. An increase in the lay-up temperature and a 
reduction in the shear rate reduced the shear resistance of the tapes that were tested, promoting 
the intra and inter-tow deformation and leading to improved steering quality.  
It was also shown, that several process parameters (e.g. tape tension, lay-up 
temperature) can significantly affect the accuracy of the steered paths. It was observed that 
process parameters that led to a higher tape shear stiffness, caused a deviation of the laid path 
from the reference one. This phenomenon highlights that the shear stiffness of the tape, could 
affect the lateral force that leads to the tape slip and should be accounted for in the tape force 
interaction analysis (Section 3.2.3.1). The laid path will deviate from the reference one, only if 
the lateral force acting on the tape, exceeds the gripping force of the shearing mechanism. Thus, 
by redesigning the shearing mechanism, to allow for higher gripping forces, a higher range of 
process parameters (e.g. higher tape tension) could be used, without sacrificing the path 
accuracy.  
Overall, from the conducted experiments, it became clear that unlike dry fabric tapes, 
the use of CTS with prepreg tapes is a delicate process and a careful selection of the process 
parameters is required, to achieve the optimum fibre steering quality. The shear behaviour of 
the tapes can also significantly affect the tape placement process, as an inaccuracy on the 
trajectory of the paths or the inability to maintain a constant shift width can lead to gaps and 
overlaps during lay-up. It is necessary to conduct further experimental testing across a wider 
range of process parameters (e.g. assess the effect of tension at different lay-up temperatures 
and shear rates) and include materials with different characteristics (e.g. resin system and fibre 















The industry of automated material placement machines was developed for the needs 
of the aerospace industry and is continuously growing in tandem with the usage of composites 
in current and future aircraft programmes. As outlined in Chapter 1, the main challenges that 
the composites industry is currently facing are reducing the cost and improving the structural 
efficiency of composites structures.  
 In Chapter 1, it was concluded that on a theoretical level fibre steering has the potential 
to address both these challenges. Fibre steered components allow for a significant weight 
reduction of components of conventional aircraft, which can lead to reductions in their fuel 
consumption. These lighter components require a reduced amount of raw materials during their 
manufacture. As material costs are usually a large percentage of the total manufacturing cost 
[14], fibre steering holds the promise of reducing the production cost and at the same time 
improving the structural efficiency of composite components. However, this is not a 
commercially available technology and these claims remain hypothetical. There are still many 
uncertainties concerning the use of fibre steering with automated placement machines 
(productivity, defect generation etc.), while a significant amount of work needs to be completed 
in the areas of design and optimisation, as well as certification. 
 As outlined in Chapter 2, the automated material placement technology, which initially 
enabled fibre steering, has been the focus of the research in this field. Nonetheless, it has 
fundamental limitations that are a roadblock towards the commercialisation of fibre steering. 
The use of in-plane bending to steer the path of the tapes leads to severe defects, which reduce 
the mechanical properties and complicate the design process. Although several research groups 
have developed manufacturing techniques to address such limitations, most of them are at an 
early development stage and offer limited improvements of the fibre steering quality. 
The Continuous Tow Shearing technology is a novel process developed at the 
University of Bristol that has the potential to address the limitations of fibre steering 
technologies. Early research has demonstrated that its fibre steering quality is superior to that 
of AFP machines, however the productivity of the initial prototypes was an order of magnitude 
lower. Nonetheless, as the method employs in-plane shear deformation of the tapes, in theory 
there should be no coupling between the width of the tapes and the steering capabilities. This 
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characteristic can be used to enable a high material deposition rate. Furthermore, due to the 
unique material requirements of the process the use with prepreg tapes was not possible, 
limiting the potential application field of the technology. 
 The primary aim of this research was to address these points, by developing a tape 
laying machine that can produce high quality fibre steered laminates and investigate the 
feasibility of using commercial prepreg tapes with the CTS process. To achieve this aim, a 
wide tape CTS prototype was developed, as outlined in Chapter 3, that would serve as a test 
bed to assess the effect of process and material parameters on the quality of the process. One 
of the main differentiating factors of the wide tape CTS prototype with the earlier published 
prototypes is the tape feed system, which allowed for control of tape tension during lay-up and 
for a reliable layup system. The fibre steering characteristics of dry and prepreg unidirectional 
tapes were experimentally studied by performing lay-up tests, which were presented in Chapter 
4 and 5. In Chapter 5, it was shown that it is possible to use unidirectional prepreg tapes and 
superior quality can be achieved, compared to the dry tapes.  
Overall it was demonstrated that the CTS process can achieve dramatically improved 
steering capabilities, compared to modern material placement machines such as AFP and ATL. 
More specifically, the CTS process could reach a minimum steering radius as low as 50 mm 
for 100 mm wide tapes without significant defects, using both prepreg and dry fabric tapes. 
This minimum steering radius is remarkably smaller than those of commercial material 
placement machines (Figure 143). CTS can also realise a perfect shifted path without 
developing gaps or overlaps between adjacent tapes, which are common defects of modern 
AFP machines, significantly simplifying the design process. Regarding the suitable material 
formats for CTS, it can be concluded that use with dry fabric tapes is an overall very robust 
process, as the effect of process parameters is minimal. Nonetheless, the optimum quality 
cannot be achieved with dry fabric, so this process should be oriented towards low cost 
applications. On the other hand, the use of CTS with prepreg tapes can deliver excellent quality 
and can be oriented towards performance driven applications. Overall it was demonstrated that 
the CTS mechanism can realise the world’s first ATL process with fibre steering capability, 
which upon further development can enable the high-volume production of high-quality fibre-







To summarise, this work has provided the following insights/contributions on the 








The main hypothesis of this work was that by applying in-plane tension during the 
shear deformation of the tape material, the sources of defects (eg in-plane wrinkling) could be 
supressed or eliminated. The experimental testing proved that this hypothesis was correct, as 
the steering quality of dry fabric tapes was improved, but more importantly use of the CTS 
process with prepreg tapes became possible. It is important to reiterate that the original CTS 
concept could not be employed with prepreg tapes without introducing significant defects. 
This is a significant step towards the commercialisation of the process, as prepreg is the 
material of choice for most users of automated tape placement machines. 
In terms of the CTS head prototype and mechanism, the main contribution was the 
development of a novel tape feed system. The original concept of CTS was coupled with a 






the head moving speed. This system proved unreliable and furthermore did not allow for 
tension control capabilities. The system presented in this thesis, relies on a simple model that 
can predict how the tension is affected by the shear angle. The tension can then be adjusted, 
by regulating the pulling force of the release paper of the tape. Although a simiplified version 
of this system was presented in this thesis, it can be easily developed into a closed-loop 
controlled system. This can be achieved by adding tension measurement load cells at 
different stages of the tape and by improving the control system of the release paper pulling 
motor and creel brakes to allow for continuous torque/current adjustment, rather than a fixed 
value. The presented system, addresses the layup reliability problems of the original CTS 
concept as the layup speed is passively matched with the head moving speed. 
 Finally, the relationship between material format, process parameters and the steering 
quality that can be achieved in the process was studied. This provided insight and gave an 
initial understanding on the underlying mechanisms that govern the behaviour of different 
material formats with the CTS process. It was observed that while using dry unidirectional 
tapes, the material format had a more significant effect compared to process parameters such 
as tension. From the materials that were tested, it was found that the one with a plain weave 
arrangement and the lowest crimp amplitude and weft yarn pitch developed the least amount 
of defects during the steering process. In all the materials that were tested, the deformation 
was not continuous, but the weft yarns acted as anchor points with the tows forming straight 
segments between them. This is the fundamental limitation of dry fabric materials and the 
reason why a reduced weft yarn pitch led to improved steering quality. While using prepreg 
tapes on the other hand, the steering quality was highly sensitive to process parameters and 
especially the tape tension. Temperature and shear rate also had a profound effect, as they are 
closely related to the viscoelastic characteristics of the resin system comprising the tape.  
From the fibre steering trials, it was shown that material and process parameters can 
significantly affect the accuracy of the laid paths and the variation of the shift width. These 
issues can lead to defects in the resulting laminate, such as gaps and overlaps between adjacent 
tapes and a mismatch between the programmed fibre angle and the actual one. These potential 
defects highlight the importance of being able to accurately predict the shear behavior of a 
material for a given set of process parameters. To ensure the production of high quality fibre 
steered laminates, it is thus essential to develop a process optimisation framework where the 
optimal material and process parameters for a given application can be determined. It is also 
necessary to redesign the shearing mechanism to allow for higher tape gripping forces, to 





The next step in the development of the CTS technology, is the optimisation of the 
process to achieve fibre steering of high quality as well as high productivity. The aim of every 
novel manufacturing process is to be adopted by industry and thus it is also essential to tailor 
the future research direction towards the current and future industrial needs, to facilitate the 




To optimise the CTS process, it is necessary to isolate each process and material 
parameter and analyse and quantify how it affects the quality and lay-up speed of CTS. It is 
not efficient to perform this type of analysis through lay-up trials, as many process parameters 
are coupled and simultaneously affect the material behaviour. 
By isolating each process parameter, it will be possible to obtain a more fundamental 
understanding of the deformation characteristics of the material itself. To achieve this a 
dedicated shear deformation rig was developed, that bears similarities to an early design of a 
biaxial shear-tension testing rig by Kawabata et al. [104] (Figure 144). This rig (Figure 145) is 
directly bolted on a tensile test machine and has two shearing boundaries, to replicate the 
constraints imposed by the shearing mechanism of the CTS head. The main difference of this 
rig with traditional shear tests, such as the picture frame and bias extension tests is that the 
level of tape tension in the direction of the fibres can be controlled, but also the distance of the 
shearing boundaries can be adjusted. These are parameters that affect significantly the shear 







By completing this analysis, it will be possible to predict the shear behaviour of a 
material without the need to test it with the CTS head. Furthermore, a framework that relates 
design requirements to process and material parameters can be established. This will allow to 
optimise the CTS process for a given application and would ultimately result in a fibre steering 




Once this analysis is completed, the next step is to perform mechanical testing, to 
examine the effect of the shearing process on the mechanical properties of the steered 






Fibre steering is currently only in use to produce doubly curved shapes, such as the 
forward fuselage of aircraft, where it is necessary to steer the path of the fibres to maintain a 
constant fibre orientation. The use of fibre steering for structural optimisation has not been 
commercialised. 
 As it is a radical new way of designing and manufacturing with composite materials, it 
is only natural that it is met with scepticism. To overcome this, it is necessary to demonstrate 
the performance benefits on real components and structures. As outlined in Chapter 2, there 
are many studies illustrating the performance enhancement that fibre steering can offer, but 
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only at the level of plates, cylinders and idealised structures. By going one step further, to more 
realistic structures, it would be possible to clearly communicate the benefits of fibre steering 
and attract the attention of the industry.  
 It will also be necessary to come up with methods to certify fibre steered components. 
Currently there is only one study from the ones that were reviewed, which addresses this issue, 
by proposing a certification method [61]. The biggest hurdle to overcome related to 
certification, is the knockdown on the mechanical properties due to the steering process and 
the existence of localised defects. CTS shows great potential, to significantly improve the 
performance of fibre steered laminates in this area, however this still needs to be validated 
through mechanical testing. 
 Finally, it is essential that the manufacturing capability to produce such components is 
robust and well developed. At the moment, there are not enough references in the literature to 
outline the productivity knockdown from the use of steering with AFP machines. Also, it is 
almost certain that a productivity knockdown will occur in the case of CTS. However, this 
could be optimised by blending steered and straight paths, to get a compromise between 
production rate and at the same time improved structural performance. 
Concerning the application field of the CTS technology, since the development of the 
process by Kim et al. [20], the focus has been on developing a process for the aeronautics 
industry. Primarily because this industry has always been the leader in the development and 
use of high performance composites, but also as automated material placement machines have 
significant commercial traction. The wide tape CTS machine could be used in the areas where 
ATL machines are currently employed, such as wing skins, spars and fuselage sections. 
Although the current CTS technology does not have the ability to lay-up on 3D surfaces, it is 
still possible to manufacture 3D components, such as spars, by creating a 2D preform and then 
using the hot drape forming process. This procedure is currently in use by industry to produce 
spars using ATL machines. Finally, as detailed in Chapter 2, the space industry can benefit 
greatly from fibre steering structures. The use of the wide tape CTS head is highly suited for 
space applications, as most of the structural elements of a satellite are flat 2D sandwich panels.  
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